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1. Bibliometria
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artykuty opublikowane w czasopismach naukowych indeksowanych w bazie PubMed oraz
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Memorial Fund na odbycie stazu haukowego z zakresu obrazowania serca metoda rezonansu

magnetycznego i tomografii komputerowej na Uniwersytecie w Edynburgu.



2. Wykaz stosowanych skrotow

AAR (ang. area at risk) - obszar zagrozony zawatem

ADMA (ang. asymmetric dimethylarginine) - asymetryczna dimetyloarginina

BH4 (ang. tetrahydrobiopterin) - tetrahydrobiopteryna

CABG (ang. coronary artery bypass grafting) - pomostowanie aortalno-wiencowe

CAT-1 (ang. cationic amino acid transporter 1) - biatko nosnikowe CAT-1

CMR (ang. cardiac magnetic resonance) - rezonans magnetyczny serca

eNOS (ang. endothelial nitric oxide synthasis) - srodbtonkowa syntaza tlenku azotu

GABA (ang. gamma-aminobutyric acid) - kwas gamma-aminomastowy

GABR (ang. global arginine bioavailability ratio) - wskaznik biodostepnosci argininy

hs-CRP (ang. high sensitivity C-reactive protein) - wysokoczute biatko C-reaktywne

ICAM-1 (ang. Intercellular Adhesion Molecule 1) — czasteczka adhezji miedzykomdrkowej 1

iNOS (ang. inducible nitric oxide synthasis) - indukowalna syntaza tlenku azotu

IRA (ang. infarct-related artery) - tetnica dozawatowa

IS (ang. infarct size) - strefa zawalu

IVUS (ang. intravascular ultrasound) - wewnatrzwiencowa ultrasonografia dopplerowska

LBBB (ang. left bundle branch block) - blok lewej odnogi peczka Hissa

LDL-C (ang. low-density lipoprotein cholesterol) - cholesterol o typie lipoproteiny o niskiej
gestosci

LVEDV (ang. left ventricular end-diastolic volume) - objetos¢ koncoworozkurczowa lewej

komory

LVESV (ang. left ventricular end-systolic volume) - objetos¢ koncowoskurczowa lewej

komory

LVEF (ang. left ventricular ejection fraction) - frakcja wyrzutowa lewej komory

MI (ang. myocardial infarction, M) - zawat mig$nia sercowego



MMA (ang. N-monomethyl-L-arginine) - N-monometyl-L-aginina

MVO (ang. microvascular obstruction) - obszar obstrukcji mikrokrazenia

NO (ang. nitric oxide) - tlenek azotu

NOS (ang. nitric oxide synthase) - syntaza tlenku azotu

nNOS (ang. neuronal NOS) - neuronalna syntaza tlenku azotu

OCT (ang. optical coherence tomography) - optyczna tomografia koherencyjna

pPCI (ang. primary percutaneous coronary intervention) - pierwotna angioplastyka
wiencowa

ROC (ang. receiver operating characteristic) - krzywa oceny jakosci klasyfikatora

SDMA (ang. symmetric dimethylarginine) - symetryczna dimetyloarginina

STEMI (ang. ST elevation myocardial infarction) - zawal mig$nia sercowego z uniesieniem
odcinka ST

TCFA (ang. thin-cap fibroatheroma) - cienka czapeczka widknista

UPLC-MS/MS (ang. ultra-performance liquid chromatography-tandem mass spectrometry)

ultraszybka chromatografia cieczowa sprzezona z tandemowa spektrometrig mas



3. Wprowadzenie
3.1. Metabolizm argininy

L-arginina (kwas 2-amino-5-guanidynowalerianowy) jest endogennym aminokwasem
zasadowym budujacym biatka organizmu, a takze prekursorem dla szeregu istotnych
funkcjonalnie zwiazkéw (Rycina 1). Jej egzogennym zrodtem jest dieta biatkowa a
endogennym biosynteza lub wewnatrzkomorkowa degradacja biatek [1]. Potowa argininy
zawarte] w diecie jest wchianiana do krwioobiegu, reszta ulega rozktadowi w jelicie cienkim
[2, 3]. U dorostego cztowieka 5-15% puli argininowej powstaje endogennie z cytruliny
w jelitach, nerkach 1 watrobie. Substratami dla jelitowej biosyntezy cytruliny sg gtownie
glutamina 1 glutaminian. Wiekszos¢, okoto 80% cytruliny powstatej w enterocytach, jest
transportowana do nerek, gdzie w kanalikach proksymalnych jest przeksztalcana do argininy
i uwalniana do krwioobiegu. Pozostata pula jelitowej cytruliny trafia do watroby 1 jest
wlaczana do cyklu mocznikowego, w ktorym jest przeksztatcana do argininy [3, 4, 5].
Wewnatrzkomodrkowa biosynteza argininy w komérkach produkujgcych NO ma znaczenie
drugorzedne [5, 6].

Katabolizm L-argininy zachodzi w kilku ztozonych szlakach metabolicznych, ktore
moga jednoczasowo funkcjonowac obok siebie w te] samej komorce. Zazwyczaj jednak
ekspresja enzymow bioracych udzial w metabolizmie argininy jest tkankowo i/lub narzadowo
zréznicowana. Zasadnicza pula argininy jest metabolizowana przez konkurujgce o nig
arginaze 1 syntaze tlenku azotu (NOS, ang. nitric oxide synthase) [1]. Trzy izoformy NOS
przeksztatcajg L-argining do L-cytruliny i tlenku azotu (NO, ang. nitric oxide). Izoformy
konstytutywne, neuronalna (nNOS, ang. neuronal NOS) 1 srodbtonkowa (eNOS, ang.
endothelial NOS) sa obecne w niektorych tkankach, natomiast forma indukowalna (iNOS,
ang. inducible NOS) wystepuje w wigkszosci tkanek [7]. Z kolei dwa typy arginazy — enzymu

cyklu mocznikowego — katalizuja przemiang L-argininy do L-ornityny i mocznika, przede



wszystkim w watrobie 1 jelitach [8, 9]. W warunkach fizjologicznych stezenia L-argininy
potrzebne do osiggniecia maksymalnej aktywnosci NOS sa 1000-krotnie nizsze niz dla
arginazy, niemnie] jednak szybkos¢ reakcji NOS jest 1000 razy mniejsza niz arginazy, co
sprawia, ze wydajnos¢ obu enzymow jest porownywalna, a jej zachwianie wynikajace ze
zmiany ste¢zenia argininy, niedoboru kofaktora NOS tetrahydrobiopteryny (BH4, ang.
tetrahydrobiopterin), obecnosci inhibitorow NOS lub arginazy czy réznych procesow
patologicznych ingerujacych na poziomie ekspresji tatwo prowadzi do zaburzenia réwnowagi
pomigdzy oboma enzymami [8].

Pomimo iz stg¢zenie wewnatrzkomorkowe argininy jest od 4 do 20 razy wyzsze anizeli
zewnatrzkomorkowe, to synteza NO w $rodblonku naczyniowym zalezy od tego drugiego.
Zjawisko to nazwano paradoksem argininowym, ktory wiaze si¢ z lokalizacja na powierzchni
blony komorkowej biatka no$nikowego CAT-1 (ang. cationic amino acid transporter 1)
odpowiedzialnego za transport argininy w kompleksie z eNOS [10, 11]. Taki uktad promuje
powstawanie NO z argininy pozakomorkowej. Asymetryczna dimetyloarginina (ADMA, ang.
asymmetric dimethylarginine) bedaca inhibitorem NOS ma silne powinowactwo z
receptorem CAT-1 oraz indukowanym receptorem CAT-2 [12]. Wysokie osoczowe stezenie
ADMA przy fizjologicznym poziomie L-argininy wiaze si¢ ze spadkiem aktywnosci NOS
i produkcji NO. W takiej sytuacji suplementacja egzogennej L-argininy wypierajacej
kompetycyjnie ADMA z NOS moze przywréci¢ jej prawidtowa aktywnos¢ [10].

Ornityna powstajaca z argininy pod wplywem arginazy jest substratem do produkcji
poliamin niezbednych do regulacji procesow proliferacji 1 roznicowania komoérek, proliny
uczestniczgce] w syntezie kolagenu oraz glutaminy bedacej prekursorem neuroprzekaznika
GABA [1, 13]. Pod wptywem dekarboksylazy argininowej, L-arginina przeksztatcana jest do
agmatyny, zwigzku hamujacego NOS 1 synteze poliamin. Z kolei metylacja reszt

argininowych tancuchow biatkowych z ich nastepowym rozpadem prowadzi do produkcji



ADMA i mono-metylargininy (MMA, ang. N-monomethyl-L-arginine) hamujacych NOS oraz
symetrycznej dimetyloargininy (SDMA, ang. symmetric dimethylarginine) hamujace]

dokomorkowy transport argininy [14].

| - dicta |
| - rozpad bialek |
| - endogenna biosynteza |
\ 4
ARGININA
CAT-12
Y Metylacja reszt SDMA
Agmatyna ARGININA wy‘t>ia1]1<ach >  MMA
ADMA
Poliaminy Mocznik | ¢ ¥, o
Glutamina < Ornityna mocznikowy T Cytrulina

Rycina 1. Metabolizm argininy.

Objasnienia: NO: tlenek azotu, eNOS/ANOS: srédblonkowa/indukowalna syntaza tlenku
azotu, CAT: kationowy transporter aminokwasowy, SDMA: symetryczna
dimetyloargininy, MMA: mono-metylarginina, ADMA: symetryczna dimetyloargininy.

3.2. Metabolizm argininy a proces miazdzycy
Wigkszo$¢ badan dotyczacych metabolizmu argininy u ludzi ocenia jego zaburzenia
w sposoOb posredni w oparciu o stezenie substratow 1 produktow zwigzanych z
poszczegdlnymi szlakami metabolizmu argininy [15-17]. Zmiany w biodostepnosci argininy
oraz w proporcjach argininy 1 jej metabolitow maja znaczenie prognostyczne. Wykazano, ze

zmniejszona globalna biodostepnos¢ argininy (GABR, ang. global arginine bioavailability)
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przy niezmniejszonym stezeniu samej argininy zwigzana byla ze zwiekszonym
prawdopodobienstwem wystepowania odleglych zdarzen sercowo-naczyniowych [15, 16,
18]. Z kolei proporcja stezenia argininy do ADMA umozliwia oceng biodostepnosci argininy
do produkcji NO zaleznej od obecnosci inhibitora NOS [14], a jej kliniczne znaczenie byto
oceniane u pacjentéw z niewydolnos$cia serca, nadcisnieniem tetniczym, miazdzycg oraz
powaznymi zdarzeniami sercowo-naczyniowymi [15, 16, 19].

Dysfunkcja $rodbtonka poprzedza objawowy lub bezobjawowy etap miazdzycy, a jej
cecha rozpoznawczg jest zaburzona zdolnos¢ do endogennej wazorelaksacji, wynikajaca
gléwnie z rozprzezenia eNOS. Uposledzenie wazodylatacji zwigzane jest m.in. z nadmierng
produkcja wolnych rodnikéw, zwiekszong ekspresja molekut adhezyjnych czy degradacja
glikokaliksu komorek srodblonka. Te niekorzystne zmiany prowadza do zwiekszonej
przepuszczalnosci srodbtonka, zwiekszonej krzepliwosci, aktywacji ptytek krwi oraz
nasilonej interakcji srodbtonek-leukocyt z nastepowa rekrutacja monocytow do intimy [20,
21]. Wymienione procesy zazwyczaj poprzedzajg proliferacje fibroblastow w obrebie intimy,
prowadzac do tworzenia blaszki widknistej [22].

Liczne doniesienia probuja powiagzaé osoczowy poziom ADMA z dysfunkcja
srddbtonka i ze schorzeniami sercowo-naczyniowymi. Podwyzszone wartosci ADMA
odnotowano m.in. u pacjentéw z hipercholesterolemia. Z kolei w modelach zwierzecych
powiazano zwigkszong aktywno$¢ arginazy ze zmianami miazdzycowymi. Myszy z
wylgczonymi genami dla apolipoproteiny E (apoE ") karmione dieta bogatocholesterolowg
mialy istotnie wyzsza aktywnos¢ arginazy w aorcie niz myszy typu dzikiego w tym samym
wieku [23, 24]. Wykazano, ze aktywnos$¢ arginazy jest rowniez zwigkszona wsrdd krolikow
ze zmianami miazdzycowymi w aorcie oraz z hiperlipidemia [25]. Zwiekszona aktywnos¢
arginazy zostata rowniez wykryta w makrofagach, ktore petnia kluczowa role w inicjacji oraz

progresji miazdzycy [26-29]. Arginaza moze odgrywac istotng role w hiperplazji intimy
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1 procesach przebudowy $ciany tetnicy poprzez zwigkszong produkcje poliamin i L-proliny,
ktére umozliwiaja proliferacje komorek migsni gladkich naczyn 1 odktadanie macierzy
pozakomoérkowej [30, 31].

3.3. Metabolizm argininy w ostrym zespole wiencowym

Indukowany niedokrwieniem i reperfuzja naciek komoérek zapalnych we wczesnej fazie
zawatu mig$nia sercowego (M1, ang. myocardial infarction) wiaze si¢ ze zwiekszona
aktywnos$cig iINOS. Z kolei do wydajnej syntezy NO oprécz substratu eNOS wymaga
obecnosci BH4, ktorego dostepnos¢ w trakcie ostrego niedokrwienia miokardium spada.
Woéwczas dochodzi do rozprzezenia eNOS i zwigkszenia produkcji reaktywnych form tlenu
kosztem NO.

Bezposrednia aktywno$¢ arginazy w trakcie ostrego niedokrwienia mig$nia sercowego
oceniana byta w modelach zwierzecych. Zaobserwowano, 1z wczesng reakcja na stres
hipoksemiczny jest indukcja ekspresji oraz wzrost aktywnosci arginazy 1 [32]. Ponadto
badania eksperymentalne wskazuja, ze ekspresja arginazy I w obszarach objetych
niedokrwieniem 1 reperfuzjg jest wyzsza w stosunku do pozostatych regiondéw tkanki migsnia
sercowego [33]. Jest ona zwigzana ze zwigkszong naczyniowa produkcja anionu
ponadtlenkowego i/lub zmniejszong produkcja srédbtonkowej BH4 lub 1L-argininy, ktore
powoduja zmniejszong produkcje NO [34, 35]. Stwierdzono takze zwigkszong ekspresje
arginazy bezposrednio po uszkodzeniu niedokrwienno-reperfuzyjnym w komorkach
srodbtonka tetnic wiencowych oraz migsnidwki gtadkiej [4, 9]. W modelu
niedokrwienia/reperfuzji serca szczura udowodniono, ze zwiekszona aktywnos¢ arginazy
zapoczatkowana jest przez rozprzezenie eNOS w ciggu 2 h od poczatku reperfuzji oraz
podtrzymywana jest przez indukcje zaleznej od TNF-alfa arginazy-1 oraz zahamowanie
eNOS [36]. McQuillan 1 wsp. udowodnili, ze w trakcie niedotlenienia ekspresja eNOS byta

zredukowana o 40-60% w komorkach srodbtonka przez przynajmniej 48 godzin [37].
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Zaburzenia metabolizmu NO zwigzane z uszkodzeniem niedokrwienno-reperfuzyjnym,
moga towarzyszy¢ zjawisku no-reflow i sprzyjac poszerzaniu si¢ strefy zawatu [38].
W badaniach eksperymentalnych przeprowadzonych na hodowlach komorek srodbtonka
ekspozycja na niedotlenienie prowadzita do zwigkszonego stezenia L-argininy wewnatrz
komorek, uwalnianej z zasobdéw komorek lub z proteolizy biatek [39]. Z kolei depolaryzacja
btony komorek srodbtonka powodowata uposledzone wchtanianie L-argininy [40]. Pomimo
zwigkszonego stezenia argininy wewnatrz- 1 zewnatrzkomorkowo w trakcie uszkodzenia
niedokrwienno-reperfuzyjnego stawata si¢ ona niedostepna jako substrat do produkcji NO
z powodu uszkodzenia $rodbtonka naczyniowego.

3.4. Metabolizm argininy jako cel terapeutyczny

Teoretycznie, interwencja w szlaki metabolizmu argininy prowadzaca finalnie do
zwigkszonej produkcji NO powinna by¢ korzystna w przypadku schorzen sercowo-
naczyniowych. W zwierzecym modelu MI u szczuréw ogdlnoustrojowe zahamowanie
arginazy bylo zwigzane ze wzrostem stezenia cytruliny, wskaznika cytrulina/arginina,
cytrulina/ornityna oraz spadku poziomu ornityny. Co wigcej, wykazano, ze zahamowanie
arginazy wiaze si¢ ze zmniejszonym obszarem martwicy o 50% w mechanizmie zaleznym od
wzrostu aktywnosci NOS oraz biodostepnosci NO [4]. Podobnie miejscowy, dowiencowy
wlew inhibitora arginazy rozpoczety 5 minut przed reperfuzja w modelu MI u §wini redukuje
strefe martwicy o 50% [41]. Rowniez wlew L-argininy oraz tetrahydrobiopteryny 5 minut
przed reperfuzja zmniejszal strefe zawalu u szczurow 1 swin. Ten efekt byt zalezny od NOS
1 wigzal si¢ ze zmniejszong produkcja nadtlenkow [42]. Pomimo tego, ze istnieje szereg
specyficznych inhibitoréw arginazy ich ogolnoustrojowe dziatanie jest gtownym
ograniczeniem dla tej terapit wsrdd ludzi [2]. Suplementacja argininy jest drugim
potencjalnym sposobem ingerencji w metabolizm argininy, niemniej wyniki dostepnych

badan sg niejednoznaczne. Cze$¢ badan, w tym dane z VINTAGE MI wykazaty zwigkszona
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smiertelno$¢ zwigzang z suplementacja argininy w okresie po MI [43]. Z drugiej strony

w badaniu eksperymentalnym na szczurach 1 $winiach po zastosowaniu wlewu
dowiencowego L-argininy oraz BH4 5 minut przed reperfuzja obserwowano redukcje strefy
zawaty, a efekcie temu posredniczyty szlaki zalezne od NOS, co skutkowato zmniejszong
produkcja reaktywnych form tlenu [44]. Konieczne sg dalsze badania, aby ustali¢ czy

interwencja w szlaki metaboliczne argininy moze by¢ klinicznie efektywna.
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4. Hipoteza i cel

Postuluje, 1z w ostrej fazie MI u cztowieka w poréwnaniu z warunkami stabilnymi
metabolizm argininy jest przesunigty w kierunku arginazy kosztem syntazy tlenku azotu.
Zakladam, ze w ostre] fazie MI ta wzglednie zwigkszona aktywno$¢ arginazy, wyrazona
W postaci zaburzonej rGwnowagi metabolitow argininy, wigze si¢ ze zwigkszonym obszarem
uszkodzenia miokardium a takze moze mie¢ zwiazek z niekorzystng morfologia zmiany
odpowiedzialnej za MI1. Zaktadam takze, ze utrzymujaca si¢ w obserwacji odleglej
zwigkszona aktywnos$¢ arginazy wigze si¢ z wigkszym tadunkiem blaszki miazdzycowe]
w stabilnym segmencie tetnicy dozwatowe] przylegajacej proksymalnie i dystalnie do blaszki
ranliwe]. Zaktadam, ze zwigkszona aktywnos¢ arginazy w okresie pozawatowym moze mied

zwiazek z niekorzystnymi, klinicznymi zdarzeniami sercowo-naczyniowymi.

Cele pracy:

1. Ocena stezenia metabolitow argininy w ostrej fazie zawalu migsnia sercowego
1 w obserwacji odlegle] 1 na tej podstawie oszacowanie przesunie¢ w metabolizmie
argininy u czlowieka.

2. Powiazanie zmian w metabolizmie argininy ze stopniem uszkodzenia miokardium.

3. Powigzanie zmian w metabolizmie argininy ze zmianami w blonie wewngtrznej
1 sSrodkowej zaréwno zmiany niestabilnej jak 1 przylegajacego do niej stabilnego regionu.

4. Zbadanie zwiazku pomigdzy zmianami w metabolizmie argininy a rokowaniem
klinicznym.

Do sprawdzenia hipotezy drugiej wybrano populacje¢ pacjentow z MI wigzacym si¢ z
mozliwos$cig wystapienia duzej strefy uszkodzenia miokardium, czesto z zawatem $ciany
przedniej. Z kolei dla sprawdzenia hipotezy trzeciej wybrano zawaly o zréznicowane]

lokalizacji, typowej dla populacji ogolnej.
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The shifted balance of arginine
metabolites in acute myocardial
Infarction patients and its clinical
relevance

Patrycja Molekl Pawet Zmudzki2 Aleksandra Wtodarczykl Jadwiga Nesslerl &
Jarostaw Zalewski©1

The arginine metabolism as a target for cardioprotection in patients with ST-segment elevation
myocardial infarction (STEMI) remains insufficiently understood. Arginine, ornithine, citrulline,
asymmetric dimethylarginine (ADMA) and proline plasma levels were measured using liquid
chromatography and tandem mass spectrometry in 70 consecutive STEMI patients upon admission
and at 6-month follow-up and were compared with left ventricular function, volumes, and infarct
characteristics determined by cardiac magnetic resonance imaging, and with 5-year clinical
outcomes. Baseline median concentration of arginine was higher by 49% (P =0.002) when compared
to 6-month measurements and was correlated with an ischemia risk area (R=0.34, P=0.004) and
infarct size (R=0.33, P=0.006). Following ischemia median citrulline/arginine index decreased

when compared with 6-month result (P=0.002), while citrulline/ornithine and arginine/ADMA ratios
maintained unchanged indicating a shift of arginine metabolism from nitric oxide synthase (NOS)
towards arginase.The 6-month arginine concentration reached the area under the ROC curve of 0.67
(95% confidence interval 0.54-0.81) for prediction of death, myocardial infarction or heart failure
hospitalization and its value of <29 yM was associated with lower event free survival (P=0.02). In
STEMI patients, during ischemia conversion of elevated plasma arginine was shifted from NOS
towards arginase. Decreased 6-month arginine concentrations were associated with worse long-term
outcomes.

Arginine is both a substrate for arginase and the sole source for nitric oxide (NO) synthesis by three main iso-
forms of NO synthases (NOS)I"4. Competing ofboth enzymes for the same L-arginine may lead to diminished
production of an unstable molecule of NO which undergoes non-enzymatic oxidation to nitrite and finally
to stable nitrate. In stable conditions endothelial NOS produces majority of NO, however changes in NO and
L-citrulline levels may also reflect activation of inducible NOS especially in response to hypoxia or cardiac injury
and non-enzymatic NO formation5. It has been demonstrated that NO synthesis is not exclusively attributed
to the vascular endothelium but also red blood cells express a functional endothelial NOS and constitutively
produce NOG7and contribute to the regulation of systemic blood pressure and nitrite homeostasis8 Apart from
NOS and arginase, arginine is a substrate for arginine decarboxylase that synthesize L-agmatine linked directly
to polyamine metabolism or for arginine:glycine amidinotransferase producing ornithine, guanidinoacetate and
L-homoarginine9. In turn, asymmetric dimethylarginine (ADMA) is derived from the methylation ofarginine
residues ofvarious proteins and acts as an endogenous NOS inhibitor.

There is evidence that endothelial damage following ischemia/reperfusion (V/R) injury is a component of
no-reflow phenomenon and favors infarct area expansion10. Kloner et al. showed that structural changes in
coronary microcirculation were preceded by and limited to the areas of irreversible cardiomyocyte injury1l, and
were substrate for intramyocardial hemorrhagel2 The endothelial damage is associated with impaired endothe-
lial-dependent vasodilatation and diminished NO bioavailability13 In cultured endothelial cells, exposure to
hypoxia leads to an increased intracellular concentration of L-arginine released from cellular storages or protein
proteolysis4whereas impaired uptake of L-arginine is a consequence of plasma membrane depolarization1s
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Although intra- and extracellular arginine concentration was elevated during VR, it was inaccessible for NO
production due to endothelial damage.

Diminished arginine bioavailability and its dysfunctional metabolism have been shown to be associated with
increased cardiovascular risk. Reduced global arginine bioavailability ratio (GABR), but not arginine concentra-
tion, was associated with both higher prevalence of coronary artery disease (CAD) and an increased incidence of
long-term cardiovascular events16 18 Moreover, patients who presented symptoms ofcardiogenic shock following
M1 had plasma levels of arginine that were twice as low, along with a 42% lower GABR when compared with
stable CAD patients19 Recent studies on red blood cells provide evidence that their endothelial NOS activity is
compromised in patients with coronary artery disease' while elevated arginine | activity in patients with type 2
diabetes is associated with induction of endothelial dysfunction20.

In animal model of myocardial infarction (MI) a systemic inhibition of arginase was associated with an
increase of plasma citrulline, citrulline/arginine ratio and citrulline/ornithine ratio and a decrease of plasma
ornithine2l Simultaneous assessment using two ratios of citrulline/ornithine and citrulline/arginine provided
indirect insight pertaining to the balancing activity of NOS and arginase. In turn, an arginine/ADMA ratio
provided information about arginine availability for NO production dependent on NOS inhibitor2and was
identified as a marker of heart failure23 hypertension24 atherosclerosis5and of major cardiovascular events2.
In contrast, a nitrate anion as a dietary element that can be reduced via nitrite into NO does not reflect NO
availability27. Lauer et al.Bhave shown that plasma nitrite, but not nitrate correlated with NO production from
endothelial NOS in humans. Additionally, in patients with increased cardiovascular risk, there is a decreased
availability of tetrahydrobiopterin which results in an endothelial NOS-dependent formation of superoxide
instead of NO and promotes the oxidation of NO to nitrate29,

To date an unclear role of arginine metabolism in acute M1 precluded the development of effective arginine-
based cardioprotective therapies. We hypothesize that in patients with ST-segment elevation myocardial infarc-
tion (STEMI) elevated plasma arginine together with its metabolites released following ischemia from damaged
cardiac myocytes may reflect myocardial and microvascular injury, a shifted metabolic balance between NOS
and arginase and potentially might be useful in prediction of clinical outcomes.

Methods

Patients. Seventy consecutive STEMI patients who underwent primary percutaneous coronary intervention
(PCI) were enrolled. They qualified for inclusion if presented with chest pain duration at rest no longer than 12 h
with concomitant ST-segment elevation>1mm in 2 or more limb leads or>2 mm in 2 precordial leads, or if
revealed a new left bundle branch block. Criteria for exclusion included lack of informed consent, the presence
of cardiogenic shock or pulmonary edema, history of M1 or PCI at the same location or coronary artery bypass
surgery, history of cancer, venous thromboembolism, renal or liver failure, and contraindications of cardiac
magnetic resonance (CMR) imaging.

The demographic characteristics, anthropometric parameters, cardiovascular risk factors, history of cardio-
vascular diseases and comorbidities were collected for all patients. Upon admission, hemoglobin, hematocrit, red
and white blood cell count, platelet count, lipid profile, glucose, creatinine, high sensitivity C-reactive protein and
fibrinogen were determined using standard laboratory techniques. Serum activity of creatine kinase (CK, IU/L),
isoenzyme MB ofcreatine kinase (CK-MB, IU/L) as well as concentration of cardiac high sensitivity troponin T
(ng/ml) were measured upon admission and then subsequently at 8, 16, 24 and 48 h. Diagnosis ofdiabetes mel-
litus was derived from patient history. A new diabetes mellitus diagnosis was given based upon hyperglycemic
presentation at intake or after a glucose tolerance test. Chronic kidney disease was diagnosed when creatinine
clearance using the Cockcroft-Gault formula was calculated to be lower than 60 mVmin.

The study was approved by the Ethics Committee of Jagiellonian University and all methods were performed
in accordance with the relevant guidelines and regulations. All study participants provided written informed
consent prior to their inclusion to the study procedures.

Quantification of arginine metabolites. Blood samples were drawn into citrate tubes upon admission
in acute phase of M1 before PCI and again, 6 months later. Before 6-month follow-up visit all patients were on
low-nitrate/nitrite diet for three days. The samples were centrifuged at 2,500 g at 18 oC to 22 oC for 20 min and
processed immediately or stored in aliquots at - 80 oC until analysis. Plasma proteins for amino acid analysis
were precipitated with 80% methanol before measurements were recorded. Plasma concentrations of arginine,
ornithine, citrulline, proline, ADMA and nitrite/nitrate (NOX were measured in duplicates using ultra-per-
formance liquid chromatography—tandem mass spectrometer (UPLC-MS/MS) with Waters ACQUITY UPLC
(Waters Corporation, Milford, MA, USA) coupled to a Waters TQD mass spectrometer (electrospray ionization
mode ESI-tandem quadrupole).

NOxmeasurement procedure was performed in two ways30. For nitrites the procedure included direct deri-
vatization to azo compound—4-((4-((2-aminoethyl)amino)naphthalen-1-yl)diazenyl)benzenesulfonamide,
which was later quantified using the developed UPLC-MS/MS procedure. The procedure for nitrates included
two stages of enzymatic reduction to nitrites and subsequent derivatization to azo compound and quantification
as above described. Procedures in plasma samples were performed in parallel, and the final content of nitrates was
calculated based upon the difference between values obtained from both procedures since the second procedure
simultaneously quantifying nitrites and nitrates within the sample. Chromatographic separations were carried
out using Acquity UPLC BEH C18column, 2.1 x 100 mm, and 1.7 pm particle size equipped with Acquity UPLC
BEH C18VanGuard pre-column. The column was maintained at 40 oC and eluted under the following conditions:
linear gradient elution from 100 to 20% of eluent A over a 4 min timeframe, followed by isocratic elution from
20% of eluent A over 2 min, and linear gradient elution from 20 to 100% of eluent A over 1 min at a flow rate
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0f0.3 mL/min (Eluent A: water/formic acid (0.1%, v/v); eluent B: acetonitrile/formic acid (0.1%, vA/). 10 pL of
each sample was injected in triplicate.

Chromatographic separations of amino acids were carried out with the Acquity UPLC BEH Amide column,
2.1 x 100 mm, and the 1.7 ym particle size equipped with VanGuard Acquity UPLC BEH Amide pre-column.
The column was maintained at 40 oC and eluted under linear gradient elution from 20 to 35% of eluent A over
4 min followed by linear gradient elution from 35 to 40% ofeluent A over 6 min, with a flow rate 0f 0.3 mL/min.
(Eluent A: water/formic acid (0.1%, v/v); eluent B: acetonitrile/formic acid (0.1%, v/A)).

Waters’ TQD mass spectrometer parameters were optimized for quantitative analysis using the solutions of
L-arginine, Ng, Nc-dimethylarginine, L-citrulline, L-ornithine, L-proline, 4-((4-((2-aminoethyl)amino)naph-
thalen-I-yl)diazenyl)benzenesulfonamide, and chloramphenicol in concentration 10 pg/mL at flow 20 pL/min
and mixture of eluent A and B 1:1 (v/v) at flow 0.28 mL/min.

Coronary angiography. Coronary angiograms were acquired with Axiom Artis dFC (Siemens, Erlangen,
Germany) and were analyzed offline using two contralateral projections for each artery before and after angio-
plasty. All coronary segments were evaluated for the presence ofvisible thrombus in the epicardial artery, distal
embolization during and after primary PCI as well as degree of stenosis based on visual inspection. Epicardial
segments with coronary lesions with at least 50% narrowing were considered significant. Epicardial blood flow
in the infarct-related artery (IRA) was evaluated using the TIMI scale3L32

Left ventricular volumes, function and infarct characteristics. CMR imaging was performed using
a 1.5-T scanner (Magnetom Sonata Maestro Class, Siemens, Erlangen, Germany) at baseline, between the 2nd
and the 4th day following primary PCI, and then again, at 6 months, as previously described33 Briefly, using
ECG gating technique, left ventricular (LV) function was assessed with cine imaging in a spoiled gradient echo
sequence. Following cine sequences, imaging of myocardial edema reflecting area at risk (AAR) of ischemia was
performed using the breathhold, T2-weighted sequence. Then, the late-enhancement imaging was performed 10
to 20 min after contrast injection 0f0.1 mmol/kg ofgadobutrolum (Gadovist, Bayer Pharma AG, Germany) with
a gradient echo readout. The entire left ventricle was covered by contiguous, short-axis oriented 8-mm slices in
all CMR techniques.

An in-house-developed, vendor-independent, cardiac-dedicated software (CardioViewer, baseline version,
Catholic University Leuven, Leuven, Belgium)3 was used for blinded analysis of all images. The borders of
endocardium and epicardium were delineated on images with the largest and smallest LV volumes in order to
determine end-diastolic and end-systolic LV volumes, respectively. Based on LV volumes measurements, LV ejec-
tion fraction and myocardial volumes were calculated. The myocardial edema, infarct size (IS), and microvascular
obstruction (MVO) were delineated on T2-weigted as well as late gadolinium-enhanced images, respectively.
The area of delineation multiplied by the thickness ofthe slice and by the myocardial tissue density (1.05 g/ml)
served as formula to calculate the mass of AAR, IS and MVO. The AAR was expressed as the ratio of LV mass.
The hyper-enhanced area of the infarct was expressed using a ratio of myocardial edema or LV mass, while MVO
was expressed using a ratio of the infarct area.

Long-term clinical follow-up. Death, recurrent Ml confirmed by enzyme release, stroke, or hospitaliza-
tion due to heart failure (HF) decompensation were collected within 5-year follow-up at the outpatient clinic.
Data was supplemented by an in-person or telephone interview with the patient or in the case of death, data
was obtained through an immediate relative. Ischemic symptoms were assessed according to the Canadian Car-
diovascular Society (CCS) scale. The HF hospitalization was defined as an episode of cardiac decompensation,
including pulmonary edema or worsening ofdyspnea up to at least class I11-1V according to the New York Heart
Association (NYHA) classification requiring hospital admission.

Statistical analysis. To demonstrate a 10% relative decrease of arginine concentration during 6-month
follow-up with a 90% power and a standard deviation of 20% using a P value of 0.05, 67 patients were required
in the whole group.

Statistical analyses were performed with SPSS Statistics software (Version 25.0.0.2, IBM, USA) as previously3
Categorical variables are shown as numbers (percentages) and compared by Fishers exact test. Continuous vari-
ables are shown as median (interquartile range). Continuous variables with normal distribution were compared
by Student t test whereas non-normally distributed with the Mann-W hitney U test. Between two time-points
normally distributed variables were compared with t test for paired samples or in case of non-normal distribu-
tion with the Wilcoxon signed-rank. The correlation of two normally distributed variables was calculated with
the Pearson test whereas for non-normal distributed data Spearman rank correlation coefficient was performed.
Receiver operating characteristic (ROC) curves and the Youden index were used to determine the optimal cut-off
value ofarginine or NOxand their sensitivity and specificity in prediction ofdeath, recurrent Ml or HF requir-
ing hospitalization. A log-rank test was computed to evaluate differences in survival free of death, recurrent Ml
or HF requiring hospitalization between patients with estimated cut-off values of arginine or NOxconcentra-
tion. Finally, all independent variables with the potential for confounding both the outcome and exposure were
included in the Cox proportional hazard regression to find predictors of long-term death, recurrent M1 or HF
requiring hospitalization. A two-tailed P value of less than 0.05 was statistically significant.
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All patients, n =70

Age 59.0 (50.8,64.3)
Male gender 54 (77)
Body mass index, kg/m 2 26.3 (24.5,29.0)
Anterior wall myocardial infarction 52 (74)
Killip class> 1 on admission 6(8.5)

Cardiovascular risk factors

Hypertension 35 (50)
Diabetes mellitus 11(16)
Dyslipidemia 44 (63)
Current smoking 40(57)
Family history ofcoronary artery disease 13(19)
Chronic kidney disease 0

Comorbidities

Prior myocardial infarction 2(3)
Prior percutaneous coronary intervention 0
History ofstroke 0
History of peripheral vascular disease 1(1-4)
Pre-infarction angina 10(14)

Laboratory results upon admission

Hemoglobin, g/dL 14.6(13.7,15.4)
Hematocrit, % 426 (40.3,45.8)
Platelets, x 103p L 218(187, 260)
White blood cells, x 103y L 115 (9.6,13.9)
Glucose, mmol/L 81 (7.095)
Creatinine, pmolL 92.0 (80.5,105.5)
High sensitivity C-reactive protein, mg/dL 150(1.12,4.09)
Fibrinogen, mg/dL 331 (3.03,3.88)
Total cholesterol, mmol/L 548 (4.91,6.36)
LDL cholesterol, mmol/L 3.39 (2.75,4.15)
HDL cholesterol, mmol/L 1.07(1.02,1.28)
Triglycerides, mmol/L 101 (0.9, 2.02)
Troponin T, ng/mL 0.041 (0.014,0,147)
Isoenzyme M B of creatine kinase, 1UL 20(15, 34)

Area under the curve of isoenzyme M B ofcreatine kinase release within 48 h ofmyocardial infarction, IU/L x h 3525 (2222, 5625)

Antithrombotic treatment before admission

Aspirin, loading dose of 300 mg p.o 67 (96)
Clopidogrel, loading dose 0f 600 mg p.o 44 (62.9)
Unfractionated heparin, loading dose 0f 5000 1U i.v 39 (56)

Treatment at discharge

Aspirin 70(100)
Clopidogrel 55 (78.6)
Ticagrelor 15(21.4)
ACEI or ARB 66 (94)
Beta-blocker 65 (93)
Statin 70(100)

Table 1. Baseline characteristics. Data are shown as median (interquartile range) or number (percentage).
ACEIl angiotensin-converting-enzyme inhibitors, ARB angiotensin receptor blockers, LDL low-density
lipoprotein, HDL high-density lipoprotein.

Results

Baseline clinical and laboratory characteristics are reported in Table 1. The studied cohort consisted mostly of
middle-aged men. About one-sixth of patients were diabetic and half were hypertensive or active smokers. At
baseline, the majority of patients were in Killip class 1and three-fourths had an anterior STEMI. The median
time of ischemia was 220 (interquartile range 160 to 350) minutes. At initial contrast injections, occluded IRA
with TIM1 0 or 1flow was found in 63 (90%) patients whereas after the procedure TIMI 2 or 3 flow was restored
in 69 (98.6%) patients. A collateral blood flow was scored from 0 to 3 according to the Rentrop classification and
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Acute phase of M 6-month follow-up P value

Left ventricular volumes and function

Left ventricular end-diastolic volume, ml 169(146,198) 179 (148,227) 011
Left ventricular end-diastolic volume index, m /m 2 89 (78,103) 94(80,114) 0.14
Left ventricular end-systolic volume, ml 96 (78,120) 95 (64,141) 0.82
Left ventricular end-systolic volume index, m I'm 2 51.5(41,64) 50 (35, 74) 0.89
Stroke volume, ml 73 (59, 84) 81 (70, 82) 0.005
Stroke volume index, m I'm 2 39 (3045) 42 (38,48) 0.005
Left ventricular ejection fraction, % 42 (36,48) 44 (35, 54) 0.12

Infarct characteristics

Left ventricular mass, g 144(125,172) 134(105,151) 0.011
Left ventricular mass index, g/m 2 75 (68, 86) 70 (57,78) 0.003
Areaatrisk, g 73 (49, 883) NA
Area at risk/left ventricular mass 0.51 (0.37,0.60) NA
Infarct size, g 47 (24,68) 31 (1345) <0.001
Infarct size/area at risk 0.65 (0.51,0.79) NA
Infarct size/left ventricular mass 0.34 (0.19,0.43) 0.21 (0.11,0.28) <0.001
Present microvascular obstruction 54 (77.1) NA
Microvascular obstruction, g 3.45 (0.45, 10.60) NA
Microvascular obstruction/infarct size 0.09 (0.02,0.19) NA
Microvascular obstruction/area at risk 0.05 (0.01,0.13) NA

Table 2. Leftventricular volumes, function and infarct characteristics. Data are shown as median
(interquartile range). M1 myocardial infarction, NA not applicable.

was detected in 47 (67.1%), 14 (20%), 7 (10%) and 2 (2.9%) of subjects, respectively. An aspiration thrombectomy
was used in 56 (80%) patients and the procedure was completed in all cases using drug eluting stent implantation.
Clinical management and medical treatment, including antithrombotic therapy, were accomplished according
to the most recent guidelines.

Left ventricular morphology, function and infarct characteristics. The median time interval
between STEMI and first CMR was 3 (2-4) days and between the first and second CMR was 6 (5.5-6.5) months.
There were no significant deferences in LV end-diastolic or end-systolic volumes and LV ejection fraction
between baseline and follow-up (Table 2). During follow-up, stroke volume improved (P =0.005) and LV mass
decreased (P=0.011).

Median AAR was 51% of left ventricle. The IS expressed as the ratio of LV mass significantly decreased from
median baseline value 0f0.34 to 0.21 after 6 months (P< 0.001). The MVVO was detected in 54 of 70 patients, and
among these subjects, median MV O extent was 8% of IS (Table 2).

The shifts in balance of arginine metabolites in acute phase of MI.  Baseline median concentration
ofarginine was significantly higher by 49% (P =0.002), ADMA by 42% (P=0.032) and NOxby 28% (P< 0.001)
when compared to 6-month follow-up results. However, there were no significant differences between baseline
and follow-up concentrations of ornithine, citrulline and proline (Table 3).

There were significant correlations between arginine, ornithine and citrulline both on admission as well as
6 months following M1 (Supplementary Table SI). Six months following MI but not in acute phase, we found
significant correlations between NOxlevel versus arginine, ornithine and citrulline.

There were no significant differences between baseline and follow-up ratios of citrulline/ornithine and argi-
nine/ADMA whereas citrulline/arginine ratio was lower (P=0.002) when compared with 6-month results (Fig. 1).

In acute phase of MI, arginine concentration correlated with fibrinogen and inversely correlated with creati-
nine and urea (Supplementary Table S2). Simultaneously, ADMA was inversely correlated with creatinine while
ornithine and proline were associated with hemoglobin and hematocrit.

Arginine metabolites and I/R injury. Arginine, ornithine and citrulline upon admission were associ-
ated with peak CK-MB release 8 h following PCI (Supplementary Table S3). There was no significant relation-
ship between the concentration ofarginine and its metabolites when measured upon admission versus time of
ischemia as well as pre- and post-PCI TIMI flow. Tire concentration of arginine, ornithine, citrulline, proline
and ADMA was significantly higher in patients with left anterior descending artery as an IRA compared with
the remainder (for all P< 0.001). An association was found between collateral blood flow to the IRA classified by
Rentrop scale versus arginine (R=0.26, P<0.05) and NOx(R=0.25, P<0.05) (Supplementary Fig. SI).
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Acute phase of M1 6-month follow-up P value

Arginine, pM 615 (39.4,80.4) 315 (23.7,67.3) 0002
Citrulline, pM 140 (7.1,20.2) 8.3 (5.8, 255) 0.699
Ornithine, pM 69.3 (41.1,101.9) 50.1 (31.0,88.3) 0.424
Proline, pM 250(1.75, 3.39) 2.73(1.78,3.82) 0.057
ADMA, uM 2.08(1.34,2.52) 122 (0.76,2.41) 0.032
NO,, uM 8.23 (5.94, 10.95) 5.90 (3.82, 8.05) <0.001
Amino acid and NO, indices

GABR 0.79 (051, 0.99) 0.62 (0.48,0.84) 0015
Ornithine/Arginine 1.10(0.84,1.65) 135 (0.98,1.79) 0110
Citrulline/Ornithine  0.19(0.16, 0.25) 0.21 (0.15,0.27) 0.858
Citrulline/Arginine 0.22 (0.17,0.28) 0.25 (0.20,0.33) 0.002
Arginine/ADMA 30.6 (25.7,40.3) 30.6 (21.6,37.6) 0317
NO/arginine 0.15(0.09, 0.27) 0.15(0.10,0.24) 0.071
NO,/ADMA 427 (2.51,8.19) 392 (2.31,7.44) 0020

Table 3. Arginine metabolites and their indices. Abbreviations: data are shown as median (interquartile
range), ADM A: asymmetric dimethylarginine, GABR: global arginine bioavailability ratio, M1: myocardial
infarction, NO X nitrite/nitrate.

Arginine metabolites versus CMR findings in acute phase of MI.  Arginine metabolites measured
upon admission in the acute phase of M1 were not associated with indexed LV volumes, LV mass or LV ejection
fraction as determined with CMR 2-4 days following PCI except for arginine and LV end-systolic volume index
(Table 4). However, there were significant correlations between arginine, citrulline, ornithine and ADM A versus
AAR expressed as a ratio of LV and IS expressed as a ratio of LV (Table 4). The concentrations ofarginine (62.8
[49.6-81.8] versus 29.1 [16.8-76.4] pM, P =0.021) and ADMA (2.11 [1.76-2.57] versus 0.74 [0.51-2.13] puM,
P=0.009) were higher but NOx (7.7 [5.7-9.6] versus 11.4 [8.4-13.4] pM, P =0.003) was lower in patients with
MVO when compared to subjects without MVO (Fig. 2).

NOx indices versus CMR findings in acute phase of Ml. The NOxarginine and NOXADMA ratios
were associated with the burden of ischemia, myocardial injury, and also LV volumes. The lower values of NOx
arginine ratio, the bigger indices of AAR/LV and of ISLV, and the higher indexed end-diastolic and end-systolic
LV volumes (Supplementary Table S4). Patients with MVO had lower NOxarginine ratios when compared with
subject without MVO (0.13 [0.08-0.22] versus 0.36 [0.11-0.61], P= 0.022) (Fig. 2). At baseline, also NOXYADMA
ratio was inversely correlated with AAR/LV, ISLV, LVEDVI and LVESVI (Supplementary Table S4). Patients
with MVO had lower NOXADMA ratio when compared with subject without MVO (3.91 [2.28-6.34] versus
12.90 [3.19-20.84], P =0.007) (Fig. 2).

Arginine metabolites versus CMR findings in chronic phase. At 6-month follow-up, only proline
was correlated with indexed LV volumes and LV mass. Simultaneously, higher values ofcitrulline/ornithine ratio
were associated with smaller LV mass, lower indexed LV volumes, and better LVEF (Table 4).

Long-term clinical outcomes. All patients completed 1- and 5-year follow-up assessments (Supple-
mentary Table S5). Within the first year, 1 patient died, recurrent MI occurred in 4 survivors, and 2 patients
required hospitalization due to HF decompensation. After the first year, 4 additional patients died, a recurrent
M1 occurred in 6 patients, and 8 patients required hospitalization due to HF. There was no stroke in the stud-
ied group. Within 5 years following M|, death, recurrent MI, or HF requiring hospitalization were found in 20
(28.6%) patients. At 5 years, ischemic symptoms with CCS class = 2 were present in 11 patients (20%) and dysp-
nea with NYHA class =2 was reported in 19 (34.5%) patients.

The median time elapsed since baseline blood sampling to UPLC-MS/MS measurements was similar in
patients with versus without composite endpoint including death, recurrent MI or HF hospitalization (84 [79-88]
versus 84 [80-87] months respectively, P =0.58). There were no correlations between the storage time versus
concentrations ofarginine metabolites (r from - 0.07 to 0.20, P>0.05 for all) and NOx(r=0.22, P=0.12). There
were no differences in concentrations of baseline arginine (57.5 [24.1-70.8] versus 63.7 [41.1-81.82], P=0.53)
between patients with or without composite endpoint. In turn, the follow-up arginine concentration reached
the area under the ROC curve 0f0.67 (95% confidence interval 0.54-0.81, P -0.025) for prediction of death,
recurrent M1 or HF hospitalization with sensitivity of66% and specificity 0f65%. Its cut-offvalue 0f<29 pM was
associated with lower event free survival (P=0.02) (Fig. 3). By Cox regression, arginine concentration lower than
29 pM when measured 6 months following M1 adjusted to age, sex and IS was independently associated with
more frequent composite endpoint including death, recurrent MI or HF hospitalization (Table 5).
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Figure 1. The shifts ofbalance of arginine metabolites between acute phase of myocardial infarction and stable
chronic conditions. Following ischemia (@) citrulline/arginine index decreased when compared with stable
chronic conditions while (b) citrulline/ornithine and (c) arginine/ADMA indices maintained unchanged. Data
are shown as absolute values, horizontal lines indicate medians. ADMA asymmetric dimethylarginine, FU
follow-up.

Discussion

The present study provides new findings. First, it enables indirect insight into the balance ofarginine metabolites
in patients with acute MI. Second, the association ofarginine metabolites to myocardial I/R injury can strengthen
prognostics to improve clinical outcomes.

We have found that plasma levels of ADMA and arginine are elevated following an ischemic phase of MI.
Moreover, a higher arginine concentration has been noticed in patients with better developed collateral blood
flow to the infarct territory, suggesting their wash out from necrotic myocardium through efficient collaterals.
Simultaneously, in acute phase of M1 the citrulline/arginine ratio was significantly decreased when compared with
stable follow-up phase whereas ratios of citrulline/ornithine and arginine/ADMA maintained unchanged at both
time points indirectly indicating that following ischemia conversion of elevated plasma arginine concentration
is shifted from NOS towards arginase, despite the lack of enhanced suppressive potential of ADMA for NOS. In
turn, the constant balance between metabolites ofurea cycle suggested that its enzymes had the same effective-
ness in both ischemic phase of M1 and in stable chronic conditions, nevertheless it should be remembered that
the amount of substrate for arginase was higher in acute condition.

Arginine metabolism in patients with myocardial I/R is insufficiently understood. Most human studies of
arginine metabolism examine various pathologies based on indirect methods assessing the concentration of
substrates and products involved in arginine-related pathways1619263. Based on the results of animal studies,
it is commonly accepted that in cardiac tissue induction of expression and activation of arginase | is an early
response to hypoxic stress3. At the same time, metabolic activity of NOS competing for the same substrate
arginine is reduced or even blocked, because NO formation from arginine requires oxygen37. McQuillan et al.
proved that during hypoxia expression of constitutive NOS was reduced by 40-60% in the endothelial cells for
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Proline  Citrulline ADMA  Ornithine Arginine NOXx

Upon admission during acute phase of myocardial infarction
Left ventricular end-diastolic volume index, m Vm 2

r 0.052 0211 0.187 0171 0171 -0.161

P 0.672 0.080 0.122 0.157 0.158 0.184
Left ventricular end-systolic volume index, m I'm 2

r -0.011 0.192 0.167 0.146 0.238 - 0.040

P 0931 0112 0.168 0.229 0.047 0.746
Left ventricular mass index, g/m 2

r 0.090 0.081 0.160 0.089 0.165 -0.101

P 0.459 0.505 0.186 0.465 0.172 0.406
Left ventricular ejection fraction, %

r 0.075 - 0.095 - 0.082 -0.054 - 0234 -0.113

P 0.536 0436 0.498 0.657 0.052 0.351
Area at risk/left ventricular mass

r 0.253 0371 0.342 0.359 0337 - 0025

P 0.035 0.002 0.004 0.002 0.004 0.836
Infarct size/left ventricular mass

r 0.141 0.254 0.327 0.268 0.365 - 0079

P 0.244 0.034 0.006 0.025 0.002 0518
Microvascular obstruction/infarct size

r - 0.008 0.091 0.110 0.072 0.186 - 0.049

P 0.948 0.452 0.363 0.555 0.123 0.685
6-month follow-up
Left ventricular end-diastolic volume index, m Vm 2

r 0.242 - 0.084 - 0.050 0.072 - 0004 - 0.005

P 0.045 0.494 0.685 0557 0.973 0.970
Left ventricular end-systolic volume index, m I/m 2

r 0239 - 0.099 - 0.036 0.070 0.013 0.008

P 0.047 0419 0.770 0.564 0.916 0.951
Left ventricular mass index, g/m 2

r 0.252 - 0.068 - 0025 0.114 - 0029 0.093

P 0.036 0.581 0.839 0.351 0811 0448
Left ventricular ejection fraction, %

r -0.139 0.134 0.026 - 0051 - 0014 0.021

P 0.256 0.272 0.834 0.678 0912 0.865
Infarct size/left ventricular mass

r 0.163 0.208 0.236 0212 0231 0.233

P 0.180 0.086 0.051 0.080 0.060 0.055

Scientific Reports

(2021)11:83!

Table 4. Arginine metabolites versus cardiac magnetic resonance imaging findings. ADMA asymmetric
dimethylarginine, N Ox nitrite/nitrate, arginine metabolites were expressed in pM, r correlation coefficient.

at least 48 h3& The question whether this metabolic shift from NOS towards arginase is beneficial for the survival
of ischemic tissues remains a matter of debate. One hypothesis maintains that under the condition of inactive
NOS, the reduction ofarginine pool by activated arginase may protect cells3 The observed shift during acute
phase of M1 was accompanied by unchanged suppressive potential of ADMA. ADMA however, was identified
in several studies as a prognostic marker for cardiovascular risk3®including M1 patients40.

In this study we have shown for the first time that in patients with acute MI, plasma concentration of arginine
and its metabolites ornithine, citrulline and ADMA when measured upon admission, were associated with the
severity of all morphological features of I/R injury of the left ventricle including AAR, IS and the presence of
MVO. Experimental studies indicate that a non-selective NOS inhibitor L-NAME administered 10 min before
reperfusion did not reduce no-reflow phenomenon and infarct size4l while ischemic preconditioning attenu-
ated both of them via endothelial NOS activation42 Recently Fernandez-Jimenez et al.43 have shown temporal
dynamics and extent of edema, 1S, MVO and intramyocardial hemorrhage during myocardial I/R. Edema for-
mation had a bimodal temporal distribution and was ameliorated only with cardioprotective interventions. In
turn, the area of intramyocardial hemorrhage and MV O varied according to the time ofischemia, CMR timing
and cardioprotective strategy. In this context, beyond infarct size reduction also the attenuation of coronary
microvascular injury seems to be ofparticular importance44"46. On the other hand, our results indicate that under
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Figure 2. Arginine, ADMA, NOxand their indices in relation to microvascular obstruction. In acute phase of M1, in patients
with MVO plasma level of (a) NOxwas lower but (b) arginine and (c) ADMA concentrations were higher than in patients
without MVO. (d) In patients with MVO, NOxarginine and (e) N 0OXADMA ratios were lower than in subjects without MVO.
Apart from ADMA there were no differences between patients with and without MVVO at stable chronic phase. Abbreviations:
Box plot shows median and interquartile range (IQR, Q3 to Q). QI and Q3 are the first and third quartiles. Whiskers

are drawn at minimum and maximum. MVO: microvascular obstruction present (+) or absent (-), ADMA: asymmetric
dimethylarginine, NOXnitrite/nitrate, MI: myocardial infarction. MVO was determined with an in-house-developed, vendor-
independent, cardiac-dedicated software (CardioViewer, baseline version, Catholic University Leuven, Leuven, Belgium) '4
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stable conditions higher proline levels were associated with larger LV volumes and mass. Moreover, the lower the
ratio of citrulline/ornithine suggesting metabolic shift from NOS towards arginase, the larger LV volumes and
mass. Experimental studies revealed that activation of arginase-dependent polyamine metabolism associated
with proline synthesis has a pro-hypertrophic significance47.

We found also that the total amount of NOxin stable chronic phase, but not in acute phase of MI, was cor-
related with plasma concentration of arginine, citrulline and ornithine. Undoubtedly, in acute phase of MI,
activation of inducible NOS and the fact that patients were non-fasting could affect N 0xplasma level. The con-
centrations of ADMA and L-arginine as measured by HPLC both in M1 patients as well as in healthy volunteers
were comparable with our results84but NOxlevels in healthy volunteers determined with a Griess method were
higher than ours4d Keeping in mind all the limitations associated with non-fasting measurements of plasma NOx
level during acute phase of M1, in this study the new ratios of NOxarginine and NOXADMA were analyzed.
These indices were inversely correlated with both morphological features of I/R injury including territory of
ischemia, myocardial necrosis and area of damaged microvasculature as well as with LV end-systolic and end-
diastolic volumes. Nevertheless, our preliminary data regarding ratios of NOxarginine and NOXADMA need
to be interpreted with caution, require further validation and their biological relevance remains unknown, the
more that NOxcannot be used as a marker of NO production527.

Can interventions interfering arginine metabolism reduce I/R injury and/or improve M1 outcomes? Theoreti-
cally, therapies that lead to NO increase may potentially show benefit in cardiovascular disorders, as its decreased
concentration plays a key role in multiple dysfunctions. The shifted balance ofarginine metabolites from arginase
towards NOS found in our study indicates that treatment with arginase inhibitors administered in acute phase
of MI may be effective. Jung et al. demonstrated that systemic arginase inhibition reduced IS in rats by 50% in
amechanism dependent on NOS activity and NO bioavailability2l. Also, local intracoronary arginase inhibitor
infusion started 5 min before reperfusion in a pig model of MI reduced IS by 50%56. In turn, an intravenous
co-administration of L-arginine and tetrahydrobiopterin 5 min before reperfusion reduced IS and this effect
was mediated by NOS-dependent pathways resulting in diminished superoxide generation’1 Although, several
specific inhibitors of arginase are available, their systemic mechanism of action is a major limitation of such
therapy in humans1 Our findings also suggest that in the acute phase of MI, when arginine plasma concentra-
tion is high, its supplementation may not bring expected benefit. In contrast, in stable conditions following MI,
higher arginine concentrations were associated with better long-term outcomes. Thus, arginine supplementation
at that moment might be beneficial. However, available data from VINTAGE MI clinical trial has demonstrated
increased mortality associated with arginine supplementation after M 152

Our study has several limitations. First, the analyzed group is relatively small, however sample size was appro-
priately calculated whereas arginine metabolites and myocardial injury were meticulously measured using the
recommended methods. Second, arginine metabolites were not measured in acute phase following reperfusion.
Third, non-fasting blood samples in acute phase of M1 have been taken, therefore we cannot exclude alternative
sources of NOxassociated with diet. However, before follow-up blood sampling dietary intake was controlled
for nitrate/nitrite. Nevertheless, both acute and chronic measurements of NOxcould be confounded by liver
metabolism, formation by gastric bacteria, nitrate renal clearance, or contamination527. Fourth, as the red blood
cells are involved in metabolism of arginine and were not examined in this study, the analysis of blood plasma
represents only a part ofthe L-arginine-NO metabolism in the whole blood6z Another limitation of this study is
lack of age matched control group, however all patients were examined twice in acute and chronic phase. Finally,
the study population is homogenous in terms of race and ethnicity, thus the data may not be reflective of other
more heterogeneous populations.

In conclusion, our findings provide arguments that during acute ischemia in patients with STEMI, conversion
ofelevated plasma arginine concentration released from damaged cardiac myocytes is shifted from NOS towards
arginase, despite the lack of enhanced suppressive potential of asymmetric dimethylarginine for NOS. Meas-
ured upon admission, arginine metabolites reflected myocardial and microvascular I/R injury. Simultaneously,
decreased arginine concentrations during stable chronic phase were associated with worse long-term clinical
outcomes. These findings of potentially clinical relevance may be useful in the development of cardioprotective
therapy based on the arginine metabolism in STEMI patients.
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What’s new?

Nitric oxide synthase (NOS) produces a potent signaling molecule nitric oxide but arginase
competes with NOS for the same substrate arginine reducing nitric oxide production. This
study demonstrates that during the acute phase of myocardial infarction arginine metabolism
is shifted towards arginase over NOS. An enhanced arginase activity in the acute setting is

associated with the presence of the features of unstable coronary plaque responsible for acute
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coronary syndromes expressed as thin-cap fibroatheroma. In turn, a similar residual
metabolic shift towards arginase in the chronic phase is correlated with a higher thickness of
intima-media in the stable segments of infarct-related artery. The current study provides
arguments that arginine metabolites and their derivatives might be considered as the new,
non-invasive indicators useful for identification of patients who are more likely to have

vulnerable plaque as well as for monitoring of the extent of chronic atherosclerotic lesions.

Abstract

Introduction: Arginase inhibition increases plasma citrulline, citrulline/ ornithine ratio (C/
0), and reduces plasma ornithine, ornithine I arginine ratio (O/ A) in animal model of
myocardial infarction (MI).

Objectives: We hypothesize that the presence of thin-cap fibroatheroma (TCFA) in the
culprit lesion and increased non-culprit intima-media thickness of an infarct-related artery
(IRA) are associated with an altered balance of arginine metabolites.

Patients and methods: Arginine and its metabolites were measured using liquid
chromatography and tandem mass spectrometry in 100 consecutive MI patients upon
admission and at 6-month follow-up. TCFA and adjacent to culprit proximal and distal 10-
mm segments were assessed with optical coherence tomography in acute phase. As controls
served 25 patients without coronary lesions in angiography.

Results: The C/ O increased 5.33 times (P <0.001), while the O/ A decreased 2.53 times (P
<0.001) at 6-month follow-up compared with acute Ml phase. Patients with (n = 75) versus
without (n = 25) TCFA had lower C/ O by 29% (P = 0.003) while the mean intima-media
diameter of adjacent non-culprit region correlated with follow-up O/ A (R = 0.337, P =
0.003). By multivariable analysis, a higher acute phase C/ O was associated with a lower risk

of TCFA presence (odds ratio 0.978, 95% confidence interval 0.962-0.994, P = 0.006)
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whereas higher follow-up O/ A correlated with larger intima-media diameter of adjacent
segments (beta-coefficient 0.227, 95% confidence interval for beta-coefficient 0.045-0.409,
P =0.018).

Conclusions: The enhanced arginase activity over nitric oxide synthase following ischemia
was associated with the presence of TCFA in the culprit lesion, while similar metabolic shift
in chronic phase correlated with a higher thickness of intima-media in the adjacent non-
culprit IRA segments.

Key words

arginine, atherosclerosis, metabolism, myocardial infarction, optical coherence tomography

Introduction

Endothelial dysfunction is identified by an impaired endogenous vasorelaxant ability
associated mainly with uncoupling of endothelial nitric oxide synthase (NOS) [1,2]. At every
stage of atherosclerotic plaque remodeling, formation of a fibrous cap overlying a lipid
necrotic core that is prone to rupture and to trigger thrombus generation may occur. In an
intact endothelial lining NOS metabolizes L-arginine to L-citrulline and nitric oxide (NO).
On the other hand, L-arginine can be competitively catalyzed to L-ornithine by arginase, an
enzyme participating in the final step of the urea cycle [3-5]. Thus, the metabolic competition
of both enzymes for L-arginine may potentially contribute to the thin-cap fibroatheroma
(TCFA) formation or coronary plaque remodeling.

Several lines of evidence indicate that different biomarkers or ratios might be useful in
cardiovascular prognosis after myocardial infarction (MI) [6-8]. Atherogenic lipoproteins,
mainly low-density lipoprotein (LDL) cholesterol, initiate atherosclerosis by depositing in the

arterial intima [9] and promote arterial wall inflammation [10]. This systemic inflammatory
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response can be measured by high-sensitivity C-reactive protein (hsCRP), which is strongly
associated with cardiovascular risk [11, 12]. Other biomarkers including acid-base balance
parameters [13], apolipoprotein-associated phospholipase A2 [14], matrix metalloproteinases
2 and 9 [15], myeloperoxidase [16], and oxidized LDL [10] were found to be associated with
plague instability in acute coronary syndromes. Nevertheless, none of those mediators or
biomarkers is clinically effective to trace the process of endothelial dysfunction followed by
asymptomatic atherosclerosis as well as to predict plaque vulnerability associated with acute
adverse cardiovascular events.

TCFA with a lipid necrotic core covered by thin (<65 pm) fibrous intima layer is
identified in 50-75% of MI patients [17-19]. In vivo performed serial intravascular imaging
studies indicate that LDL cholesterol lowering therapy with statins [20,21] or proprotein
convertase subtilisin kexin type 9 inhibitor [22,23] within 6 to 12 months dynamically
increases a minimum fibrous cap thickness by 25-300%, reduces lipid content by 18-21%
and macrophage infiltration by 15-32%, stabilizing a culprit lesion. In contrast, the same
drugs reduce volume of stable coronary plaque at most by 0.9-2.2% within 9-12 months [23-
25]. On the other hand, the experimental studies provide evidence that systemic arginase
inhibition during myocardial ischemia and reperfusion is associated with changes in the
balance of arginine metabolites [26] but their relationships with morphology of an infarct-
related artery (IRA) remain poorly understood.

Thus, we sought to investigate whereas the presence of TCFA in the culprit vulnerable
lesion and increased intima-media thickness in the adjacent to culprit segments with stable
lesions are associated with an altered balance of arginine metabolites following myocardial

infarction.
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Patients and methods
Patients

Between January 2018 and June 2021, 100 Caucasian patients =18 years of age with an
ST-segment elevation myocardial infarction who underwent primary percutaneous coronary
intervention (PCI) were enrolled. The inclusion criteria were chest pain lasting no more than
12 hours at rest with an accompanying ST-segment elevation >1 mm in 2 or more limb leads,
or >2 mm in 2 or more precordial leads, or a new left bundle branch block. The exclusion
criteria were a lack of informed consent, cardiogenic shock or pulmonary edema, history of
Ml or PCI at the same location or coronary artery bypass surgery, history of cancer, venous
thromboembolism, renal failure with glomerular filtration rate of <30 mL/min/1.73 m2 liver
failure with increased bilirubin level of >2 mg/dL and/ or spontaneous INR of >2 or
contraindications to optical coherence tomography (OCT) imaging. As controls served group
of 25 patients with chronic coronary syndrome similar to the MI group in terms of
demographics, cardiovascular risk factors and comorbidities. Controls had no coronary
lesions in angiography despite positive stress tests for ischemia. The demographic
characteristics, cardiovascular risk factors, history of cardiovascular diseases and
comorbidities were collected for all patients. Upon admission, hemoglobin, hematocrit, red
and white blood cell count, platelet count (reference range [RR] 140 440 x103yuL), lipid
profile, glucose, creatinine (RR 62-106 pmolL), high-sensitivity C-reactive protein (hsCRP,
RR <3.0 mgL) and fibrinogen (RR 2.1—4.0 ¢/L) were determined using standard laboratory
techniques. Serum activity of isoenzyme MB of creatine kinase (CK-MB, RR 0-24 IUL) as
well as concentration of cardiac high-sensitivity troponin T (RR <0.014 ng/mL) were
measured upon admission, and then subsequently every 12 hours over the first 48 hours.
Diabetes mellitus (DM) was established based on either a fasting glycemic level =7 mmol/L

on 2 separate occasions or the use of hypoglycemic drugs. Diagnosis of a prior ischemic
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stroke was based on a clinical presentation and positive computed tomography or magnetic
resonance imaging findings. Dyslipidemia was based on either the usage of lipid-lowering
therapy or when lipid levels were elevated above 5.0 mmol/L for total cholesterol or 2.6
mmol/L for low-density lipoprotein (LDL) cholesterol.

The study was approved by the Ethics Committee of Jagiellonian University (approval
number 122.6120.61.2016), and all procedures were performed in accordance with the
relevant guidelines and regulations. All study participants provided written informed consent

prior to their inclusion to the study.

Quantification of arginine metabolites

The quantification of arginine metabolites was performed as previously described [27].
Briefly, blood samples were drawn into citrate tubes upon admission in the acute phase of an
MI and again, 6 months later. The samples were centrifuged at 2500 g at 18 oC to 22 OC for
20 min and processed immediately or stored in aliquots at -80 oC until analysis. Plasma
proteins for amino acid analysis were precipitated before measurement with 80% methanol.
The concentrations of arginine, ornithine, citrulline, proline, spermidine, agmatine,
asymmetric dimethylarginine (ADMA) and monomethyl arginine (MMA) were measured in
duplicate by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-
MSMS) using a Waters ACQUITY UPLC (Waters Corporation, Milford, MA, USA)
coupled to a Waters TQD mass spectrometer (electrospray ionization mode ESI-tandem
quadrupole).

Chromatographic separations of amino acids were earned out using the Acquity UPLC
BEH Amide column, 2.1x100 mm, and the 1.7 uym particle size equipped with a VanGuard
Acquity UPLC BEH Amide pre-column. The column was maintained at 400C and eluted

under linear gradient elution from 20% to 35% of eluent A over 4 minutes followed by linear
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gradient elution from 35% to 40% of eluent A over 6 minutes, with a flow rate of 0.3
mL/min. (Eluent A: water / formic acid (0.1 %, v/v); eluent B: acetonitrile/ formic acid
(0.1%, W)).

The Waters TQD mass spectrometer parameters were optimized for quantitative
analysis using the solutions of L-arginine, Ng, NO-dimethylarginine, L-citrulline, L-ornithine,
L-proline, 4-((4-((2-aminoethyl)amino)naphthalen-I-yl)diazenyl)benzenesulfonamide, and
chloramphenicol, concentration 10 pg/mL at a flow rate of 20 yL/min, and a mixture of
eluents A and B 1:1 (v/v) at a flow rate of 0.28 mL/min.

Global arginine bioavailability ratio (GABR) was calculated as arginine level divided

by the sum of concentrations of ornithine and citrulline.

Coronary angiography

Coronary angiograms were acquired with Axiom Artis dFC (Siemens, Erlangen,
Germany) and were analyzed offline using two contralateral projections for each artery
before and after angioplasty if applicable. All coronary segments were evaluated for the
presence of visible myocardial bridge, epicardial slow-flow, thrombus in the epicardial artery,
distal embolization during and after primary PCI, as well as degree of stenosis based on
visual inspection. In Ml patients epicardial blood flow in the IRA was evaluated using the

Thrombolysis in Myocardial Infarction (TIMI) scale [28].

Coronary artery wall pathology in optical coherence tomography

Image acquisition  All images were acquired with a commercially available system for
OCT (Terumo, Tokyo, Japan). The OCT catheter was first advanced to the distal end of the
IRA after aspiration thrombectomy followed by direct intracoronary injection of nitrates. The

80-mm length of IRA, including both the culprit lesion and adjacent to the culprit 10-mm
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proximal and distal segments, was then scanned using the integrated automated pullback
device with a resolution of image acquisition of 158 frames/mm. During image acquisition,
coronary blood flow was replaced by continuous flushing of contrast media directly from the
guiding catheter at a rate of 4 mL/second with a power injector to create a virtually blood-free
environment. Pullback was repeated after completing the PCI procedure with stent
implantation. All images were recorded digitally, stored, and each frame was analyzed by an
independent investigator blinded to the laboratory tests.

Image analysis Offline systematic analysis was performed using proprietary software
after confirming calibration settings in frame-by-frame intervals separately for culprit and
adjacent non-culprit regions. The longitudinal view was used to identify the culprit lesion,
and the adjacent to the culprit 10-mm proximal and 10-mm distal segment (Supplementary
material, Figure SI).

Within the culprit lesion, its length, thrombus length, and the outlines of a lumen,
vessel, and thrombus were contoured on each frame by multiple points trace function. Based
on this contouring the lumen area, vessel area, thrombus area and lesion area, were calculated
for each frame within the culprit lesion. The lesion volume was calculated as a mean
difference between vessel area and lumen area multiplied by lesion length, whereas the
thrombus volume was calculated as a mean thrombus area multiplied by thrombus length [29,
30]. In each case within the culprit lesion the presence of TCFA including its rupture,
necrotic core, macrophages infiltration, vasa vasorum, or intramural hematoma were
assessed. The amount of lipid was expressed as a length of lipid-rich pool with an arc of >90
degrees whereas the amount of calcium was expressed as a maximum arc, its length, and
maximum thickness.

Within the non-culprit segment of IRA the contours of a lumen, intima layer and media

layer were drawn by multiple points trace function on the most proximal frame (IRA
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proximal reference [A]), on the most available distal frame (IRA distal reference [L]), on the
three frames (10 mm before [B], 5 mm before [C], and at the proximal border of the culprit -
D) within the 10-mm adjacent to the culprit lesion proximal segment and on the three frames
(20 mm after [I], 5 mm after [J] and at the distal border of the culprit [K]) within the 10-mm
distal adjacent segment. The obtained contours were used for the calculation of the areas of
the intima, media, intima-media, lumen, and vessel (BI). At the same frames, mean diameters
of the intima, media, intima-media, lumen, and vessel were calculated from measurements
performed every 90 degrees (B2). Mean values for the adjacent non-culprit region were
derived from all measurements obtained from the 10-mm proximal and distal segments. At
each analyzed frame, the type of atherosclerotic plaque or lesion was defined as lipid, fibrous,
calcified, thick intima, or as a normal wall (Supplementary material, Figure SI). The external
border of the medial layer was not available for delineation in 1.04% of all OCT frames.
Long-term clinical follow-up Data on death, recurrent Ml, stroke confirmed by
imaging, or unplanned PCI due to unstable angina were collected during follow-up at the
outpatient clinic and all of them were included in the composite ischemic endpoint. The data
were supplemented by an in-person or telephone interview with the patient, or in the case of
death, data was obtained through an immediate relative.
Statistical analysis
The study was powered to have a 90% chance to demonstrate a 10% relative decrease of
ornithine/ arginine ratio during 6-month follow-up with a standard deviation of 20% [26, 27].
In the whole group, 44 patients or more were required to demonstrate such a difference with a
P <0.05, and 88 patients with a P <0.001.

Statistical analyses were performed using the SPSS Statistics software (Version
25.0.0.2, IBM, USA). Continuous variables were expressed as a median (interquartile range),

whereas categorical variables were shown as a number (percentage). Continuous variables
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were first checked for a normal distribution by the Shapiro-Wilk test and differences between
MI group and controls were compared by Student’s t-test when normally distributed or by the
Mann-Whitney U test for non-normally distributed variables. Both normally or non-normally
distributed dependent variables in Ml group were compared by t-test for paired samples or
the Wilcoxon signed-rank test, respectively. In MI group, a relative changes between acute
MI phase and follow-up for mean values of arginine metabolites and their ratios have been
calculated. Categorical variables were compared by Fisher’s exact test. The Pearson or
Spearman rank correlation coefficients were calculated to test the association between two
variables having a normal or non-normal distribution, respectively. Receiver operating
characteristic (ROC) curves and Youden index were used to determine the optimal cut-off
value for arginine metabolites and their indices in the prediction of the presence of TCFA
within the culprit lesion or a composite ischemic endpoint during follow-up. All independent
variables potentially associated with both the exposure and outcome were included in the
multivariable logistic regression to determine predictors of the presence of TCFA or included
in the multivariable linear regression to find parameters independently associated with the
size of the coronary artery intima and intima-media. A two-tailed P <0.05 was considered

statistically significant.

Results
Baseline characteristics

More than three forth of MI patients were male and almost half of them had anterior
wall STEMI (Table 1). Most patients were in Killip class 1on admission and almost one third
of them had DM. The median time of ischemia was 121 (interquartile range 90 to 309)
minutes. At the first contrast injection, 35 (35%) patients had a TIMI-2/3 flow in the IRA

while following the procedure a TIMI-3 flow was achieved in 96 (96%) patients. Controls
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were less likely to smoke than MI patients and were treated less frequently with aspirin,
statins, and beta-blockers, but more often with calcium blockers. In coronary angiography 10

controls had tortuous epicardial segments and 8 myocardial bridge.

The altered balance of arginine metabolites in acute versus stable Ml phase

Following ischemia, the median concentration of ornithine was higher by 73% and
proline by 76%, the level of arginine was lower by 41%, ADMA by 40%, MMA by 24% and
citrulline by 71% (P <0.001 for all) (Figure 1) when compared to 6-month stable conditions.
Compared to stable phase of Ml, controls had lower levels of ornithine (P <0.001), proline (P
= 0.004) and ADMA (P = 0.006) without significant differences in arginine (P = 0.35),
citrulline (P = 0.61) (Figure 1).

In the acute phase of MI, the ratios of citrulline/arginine, citrulline/omithine, and global
arginine bioavailability ratio (GABR) were lower while indices of ornithine/arginine
proline/arginine were higher as compared with 6-month results (P <0.001 for all). Compared
to stable phase of MI, controls had lower indices of ornithine/arginine (P = 0.02) and
proline/arginine (P = 0.02), higher ratio of citrulline/ornithine (P = 0.002) without significant
differences in GABR (P = 0.13), citrulline/arginine ratio (P = 0.10) (Figure 1),
arginine/ADMA (P = 0.66) and proline/ornithine (P = 0.18). There were significant
correlations between arginine metabolites at both time points (Supplementary material, Table

sl).

Arginine metabolites and clinical characteristics, lipid profile, inflammatory
biomarkers and medications
At baseline, the concentrations of arginine metabolites and their indices were not

associated with body mass index, the time of ischemia, loading dose of a different P2Y 12
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inhibitor, hsCRP or TIMI flow in the IRA before and after PCI. However, plasma fibrinogen
correlated with ornithine (R = 0.43, P <0.001), omithine/arginine ratio (R = 0.23, P =0.03)
and inversely with citrulline/ornithine index (R = -0.29, P =0.005) (Figure 2). In contrast,
high-density lipoprotein (HDL) cholesterol correlated with citrulline/ornithine index (R =
0.38, P <0.001) and inversely with plasma ornithine (R = -0.24, P =0.02). There were no
differences in arginine metabolite profile at both time points between patients treated with
atorvastatin (n = 57) versus rosuvastatin (n = 40). In controls, triglyceride concentration
inversely correlated with arginine (R = -0.42, P = 0.04) and citrulline (R = -0.60, P = 0.005)

while total cholesterol correlated with ornithine (R = 0.40, P = 0.045).

Arginine metabolites and TCFA

OCT findings are shown in Table 2. Patients with TCFA present in the IRA culprit
lesion in an acute phase had higher plasma levels of ADMA (R = 0.02), MMA (R = 0.03)
and ornithine (R = 0.003) without changes in the concentration of arginine, citrulline, or
proline (Figure 3). Simultaneously, indices of citrulline/ornithine (R = 0.003) and
arginine/ADMA (R = 0.040) were lower and the omithine/arginine ratio was higher (R =
0.045) in patients with TCFA compared with those without TFCA. Patients with TCFA were
characterized by higher plasma hsCRP (2.28 [1.08; 3.68] vs 1.23 [0.71; 2.10] mg/dL, R =
0.02) and creatinine (86 [76; 95] vs 78 [69; 86] uM, R = 0.009) and more frequent diabetes
mellitus (36 vs 12%, R = 0.03) as compared with patients without TCFA. Moreover, the
length of the lipid-rich pool was correlated with the proline level on admission (R = 0.24, R =
0.03). Also an acute phase hsCRP correlated with the volume of the culprit lesion (R = 0.25,

R = 0.04).
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Arginine metabolites and intima-media of non-culprit IRA segment

A mean diameter of the intima or intima-media in the adjacent segment of the IRA was
higher in males (Supplementary material, Table S2) and after 6-month correlated with an
ornithine/arginine ratio and inversely correlated with arginine concentration, GABR and
citrulline/omithine ratio (Supplementary material, Table S3). Also, a mean diameter of the
intima and intima-media of the distal IRA reference segment correlated with the 6-month
ornithine/arginine ratio and inversely correlated with the concentrations of arginine, proline,
citrulline, and ratios of citrulline/ornithine and proline/arginine. A mean dimeter of the media
in the distal IRA reference segment inversely correlated with the follow-up levels of arginine,
citrulline, proline, and citrulline/ornithine ratio. The more distal segment analyzed the
stronger correlations between diameters of intima, intima-media, media and arginine
metabolites and their indices were found. The analogous associations for areas of the intima

or intima-media are shown in Supplementary material. Table S3.

Determinants of TCFA presence or the adjacent non-culprit intima-media burden

Before inclusion in the multivariable models, all significant associations between
independent covariates were identified. Age was inversely correlated with the hemoglobin
level (R =-0.29, P =0.01) and the median plasma creatinine was higher by 19% (P = 0.003)
in males versus females. Diabetic patients had a higher median concentration of creatinine by
11% (P = 0.02) and of hsCRP by 45% (P = 0.023).

By multivariable logistic regression, a higher baseline creatinine level (P =0.03) and a
lower baseline citrulline/ ornithine ratio (P = 0.006) influenced the presence of TCFA in the
culprit lesion (Table 3). The citrulline/ ornithine ratio reached the area under the ROC curve
of 0.77 (95% CI 0.66-0.88) for prediction of TCFA with a cut-off value of <0.12, and a

sensitivity of 89.0% and specificity of 57.1% (Supplementary material. Figure S2A).
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Simultaneously, by multivariable analysis, male gender (P <0.001), DM (P =0.02) and
a higher 6-month ornithine/arginine ratio (P = 0.02) were independently associated with a
higher mean intima-media diameter in the adjacent IRA segment. The same predictors

independently influenced the mean intima diameter in a similar way (Table 3).

A signal of long-term clinical outcomes

Of 100 Ml patients, within the median follow-up of 23 (16-35) months, 4 patients died
including 2 before discharge, recurrent M1 occurred in 4 survivors, stroke in 3 patients, and
unplanned PCI due to unstable angina was performed in another 3 patients. The composite
ischemic endpoint was found in 14 patients. Of all the arginine metabolites and their
metabolic indices, follow-up GABR was lower while ornithine/arginine ratio was higher in
patients with versus without an ischemic composite endpoint (Supplementary material, Table
S4). The follow-up ornithine/arginine ratio reached the area under the ROC curve of 0.80
(95% CI 0.68-0.91) for prediction of composite ischemic endpoint with a cut-off value of
>0.57, and a sensitivity of 74.1% and specificity of 78.0% (Supplementary material, Figure

S2B).

Discussion

The current study is the first to demonstrate that a shift of arginine metabolism towards
the pathway catalyzed by arginase instead of NOS in the acute phase of Ml is associated with
the presence of TCFA in the culprit region of IRA (Figure 4). During the stable chronic phase
in patients receiving optimal pharmacotherapy, analogous persistent alterations correlate both
with the size of intima or intima-media in the adjacent non-culprit segment of IRA After
adjustment to clinical characteristics, the parameters of the balance of arginine metabolites

both in the acute and chronic phase were found to be independent predictors of the structure
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of the culprit and non-culprit IRA regions, respectively. Our findings suggest that an altered
balance of arginine metabolites might be considered as an indicator of the presence of
vulnerable plaque as well as of the extent of the atherosclerotic burden in the IRA segment
adjacent to the culprit lesion.

The experimental studies indicate that the expression of arginase | in ischemic and
reperfused myocardium is higher as compared to the remote region [31] and is associated
with an increased vascular production of superoxide anion and/ or decreased endothelial
levels of tetrahydrobiopterin or L-arginine resulting in diminished NO synthesis [32, 33].
Increased arginase expression after ischemia/ reperfusion was also found in coronary artery
endothelial cells and vascular smooth muscle cells [26, 34]. Our current and previous [27]
clinical findings are in line with the experimental studies and provide indirect but consistent
arguments for a relatively enhanced activation of arginase over NOS in patients with acute
MI. In arat model of myocardial ischemia/reperfusion, Schreckenberg et al[35] demonstrated
that enhanced arginase activity initially triggered by endothelial NOS uncoupling starts
within 2 hours of reperfusion, and is maintained by a TNF-alpha dependent induction of
arginase-1and a down-regulation of endothelial NOS. Apart from arginase overexpression,
endothelial NOS uncoupling and increased activation of inducible NOS in acute phase of Ml
must be considered when describing the shift of L-arginine utilization [1,5] (Figure 4).

A fragile TCFA within a coronary plaque prone to rupture, erosion, or ulceration is a
trigger for thrombus formation [36-37], Plaque vulnerability associated with a vascular
smooth muscle cell apoptosis induced by arginase Il was found in a cell culture model as well
as in atherosclerosis-prone apolipoprotein E-deficient mice [38]. In mice, increased carotid
arginase activity was associated with enhanced shear stress, and newly formed atherosclerotic
plaques had a vulnerable-like phenotype with a decreased number of smooth muscle cells, a

lower collagen content, and a higher content of macrophages and lipid [39]. Keeping in mind
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all the limitations associated with in vitro studies and in vivo animal models, we have shown
for the first time in humans that the presence of a TCFA in the culprit lesion is associated
with a shift of arginine metabolism towards arginase expressed as an increased
ornithine/arginine ratio and decreased citrulline/ornithine ratio following ischemia. Although
expected, there were no differences in baseline proline levels between patients with and
without TCFA, likely due to high plasma proline concentration released from the disrupted
cardiomyocytes in acute phase of MI.

Looking for accurate, non-invasive, and reproducible biomarkers of atherosclerosis
progression, including its asymptomatic and very early stages associated with endothelial
dysfunction, is of clinical importance [40]. Previous studies showed that during 9-18 months
observation regression of atherosclerotic plaque associated with potent lipid-lowering therapy
was low reaching less than 2.2% of baseline volume [20-25]. Therefore, we compared
baseline OCT findings with a 6-month profile of arginine metabolites. In patients without any
adverse cardiac ischemic events during follow-up, persistent metabolic shift towards arginase
correlated with increased thickness of the coronary intima or intima-media complex in the
adjacent non-culprit segments of the IRA. Arginase as a source of polyamines and L-proline
promotes intimal hyperplasia and coronary artery remodeling [41]. In contrast, arginase
inhibition leads to a significant decline in vascular smooth muscle cells, DNA synthesis, and
a reduced intimal thickening [42], Previous studies showed an association between higher
intima-media hyperplasia and an increased endothelial cell concentration of NOS inhibitors
[43], or with enhanced arginase activity [44]. A preserved endothelial function, as measured
by flow-mediated dilatation, inversely correlated with the plasma ADMA and hsCRP
concentration [45]. Future studies on the role of genetic background for arginase functioning
are needed to establish causal relevance of these potential pathways [46]. This study provides

a clinical signal for potential reevaluation of existing arginase inhibitors as well as for
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development of the novel therapeutic molecules interfering arginine metabolism in the
treatment of MI patients.

This study has several limitations. First, the analyzed group is of medium size, although
sample size was calculated based on rigorous assumptions derived from meticulously
measured OCT parameters and arginine metabolites. Second, arginine as well as NO
metabolites [47] were not measured in the acute phase following reperfusion. Third, our
results have limited predictive clinical value due to the small number of endpoints observed
during follow-up nevertheless this study was not powered for clinical events [48, 49]. Finally,
as the majority of patients have been treated with statins or angiotensin-converting-enzyme
inhibitors/angiotensin receptor blockers we cannot assess the effect of lipid-lowering or blood
pressure lowering therapy on the arginine metabolites profile.

In conclusion, our findings provide arguments that during the acute phase of M,
arginine metabolism is shifted from NOS towards arginase, as compared to stable conditions.
Simultaneously, our results suggest that an enhanced arginase activity upon admission is
associated with the presence of TCFA in the culprit lesion and might indicate patients who
are more likely to have vulnerable plaque, while a similar residual metabolic shift in the
chronic phase is correlated with the thickness of intima-media in the adjacent to the culprit
IRA segment. These new indices derived from arginine metabolism might be useful as
indicators of acute and chronic features of atherosclerosis, although their validation in a
larger cohort focusing on clinical additive utility to standard risk variables, as well as impact

of these measures by lifestyle, diet and medical therapy is required.

Supplementary material ~ Supplementary material is available at www.mp.pl/paim.
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Table 1 Baseline and in-hospital characteristics

MI patients, n = Controls, n= P

100 25 value
Age 62 (54; 69) 64 (60; 69) 0.17
Male gender 78 (78.0) 18(72.0) 0.30
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Body mass index, kg/m2

Anterior wall myocardial infarction
Killip class >1 on admission
Cardiovascular risk factors

Hypertension

Diabetes mellitus

Dyslipidemia

Smoking

Family history of coronary artery disease
Comorbidities

Prior myocardial infarction

Prior percutaneous coronary intervention
History of stroke

History of peripheral vascular disease
Chronic kidney disease

Baseline laboratory results

Hemoglobin, g/dL

Hematocrit, %

Platelets, x103uL

White blood cells, x103uL

Glucose, mmol/L

Creatinine, umobL

High sensitivity C-reactive protein, mg/L

Fibrinogen, g/L

27.6 (25.2; 31.0)
49 (49.0)

5 (5.0)

79 (79)
30 (30)
68 (68)
52 (52)

42 (42)

9(9.0)
6 (6.0)
3(3.0)
1(L0)

6 (6.0)

151 (14.1; 16.0)
44.2 (42.0; 47.1)
235 (203; 283)
101 (8.3; 13.1)
8.2 (7.0; 10.0)
84 (75; 93)

2.21 (1.08; 3.64)

3.53 (3.16; 3.99)
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28.5 (26.3; 31.9)

22 (88)
5(20)
21 (84)
4(16)

10 (40.0)

1(4.0)

1(4.0)

14.4(13.4; 14.9)
43.0 (40.5; 44.6)
232 (191; 246)
6.0 (5.7; 7.4)
54 (5.2; 6.1)

76 (63; 93)

1.95 (0.78; 2.33)

3.21 (2.95; 4.10)

0.66

0.40

0.46

0.14

0.004

0.98

0.20

0.60

0.36

0.99

0.99

0.11

0.09

0.21

<0.001

<0.001

0.19

0.23

0.67



Total cholesterol, mmol/L 5.28 (4.52; 6.23) 4.71 (4.16; 5.00) 0.007

LDL cholesterol, mmol/L 3.60 (2.96; 4.34) 2.78 (2.20; 3.45) <0.001
HDL cholesterol, mmol/L 1.27 (1.06; 1.56) 145 (1.10; 1.78) 0.12
Triglycerides, mmol/L 1.68 (1.01; 2.54) 1.50 (1.20; 2.19) 0.34
Troponin T, ng/mL 0.087 (0.022; 0.284) - —

Isoenzyme MB of creatine kinase, IU/L  21.0 (16.0; 38.5) - -
Antithrombotic treatment before admission

Aspirin, loading dose of 300 mg p.o. 100(100) - -
Ticagrelor, loading dose of 180 mg p.o. 75 (75) — —
Clopidogrel, loading dose of 600 mg p.o. 25 (25) - -

Treatment at discharge

Aspirin 98 (98) 21 (84) 0.02
Clopidogrel 10(10) — -
Ticagrelor 86 (86) — —
Prasugrel 4(4) — —
ACEl or ARB 88 (88) 18(72) 0.07
Beta-blocker 97 (97) 17(68) <0.001
Calcium blocker 9(9) 10(40) 0.009
Statin 97 (97) 20 (80) 0.008

Data are shown as median (interquartile range) or number (percentage)
Abbreviations: ACEI, angiotensin-converting-enzyme inhibitors ARB, angiotensin receptor

blockers; LDL, low-density lipoprotein; HDL, high-density lipoprotein
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Table 2 The infarct-related artery characteristics in the optical coherence tomography

Culprit lesion Non-culprit segment of the IRA
Parameter Parameter Proximal Adjacent8
Vessel volume, mm3 329(237:441)  Areas, mm2
Lumen volume, mm3 106 (77; 156) Vessel 19.8(16.5;23.8) 15.1 (12.0; 18.1)
Lesion volume, mm3 219(150:310) Lumen 11.3 (9.2; 15.3) 7.7 (6.1; 9.5)
Thrombus volume, mm3 2.0 (0.5; 5.1) Intima 5.9 (3.8; 8.2) 4.9 (3.6; 6.5)
Lesion length, mm 22.5 (17.1;29.4) Media 2.0(1.7; 2.3) 1.7 (1.4; 2.0)
Minimum lumen area, mm2 1.1 (0.8; 1.4) Intima-media 7.8 (5.8; 10.4) 6.7 (5.3; 8.2)
The cause of IRA occlusion: Areas as a ratio of vessel area
Plaque rupture 30 (30) Lumen 0.60 (0.51; 0.71) 0.55 (0.48; 0.60)
Plaque erosion 49 (49) Intima 0.28 (0.18; 0.40) 0.33 (0.28; 0.40)
Spontaneous dissection 14(14) Media 0.09 (0.08; 0.11) 0.12 (0.10; 0.13)
Tight stenosis 7(7) Intima-media ~ 0.40 (0.29; 0.49) 0.44 (0.39; 0.52)
Necrotic core 49 (49) Mean diameters, mm
Macrophages infiltration 88 (88) Vessel 5.02 (4.59; 5.50) 4.30 (3.90; 4.77)
Vasa vasorum 36 (36) Lumen 3.81 (3.44; 4.41) 3.09(2.71:3.42)
Intramural hematoma 30 (30) Intima 0.42 (0.30; 0.67) 0.47 (0.34; 0.58)
Thin-cap fibroatheroma 75 (78) Media 0.12(0.10; 0.14) 0.13 (0.11; 0.15)
Ruptured 44(44) Intima-media  0.55 (0.41;0.78) 0.62 (0.46; 0.72)
Non-ruptured 31 (31) Mean diameters as a ratio of vessel mean diameter
Lipid-rich pool lesion 81(81) Lumen 0.78 (0.71:0.84) 0.73 (0.68; 0.77)
Length of lipid-rich pool  12.3 (7.9; 17.0) Intima 0.08 (0.06; 0.13) 0.11 (0.09; 0.13)
Calcified lesion 35 (35) Media 0.023(0.021:0.030) 0.030 (0.027; 0.034)
maximum arcus, o 136(109; 202) Intima-media ~ 0.12(0.08:0.16) 0.14(0.12; 0.16)

maximum length, mm 4.8 (2.9; 8.8)

maximum thickness, mm  0.92(0.75; 1.19)

The dominant component of culprit lesion The dominant type of non-culprit lesion
Thrombus 18(18) Thick intima 5(5) 6(6)
Lipid 54 (54) Lipid 40 (40) 50 (50)
Fibrous lesion 19(19) Fibrous lesion 11 (11) 28 (28)
Calcified lesion 9(9) Calcified lesion 6(6) 5(5)
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Distal

7.7 (5.9; 9.9)
41 (3.0; 5.4)
2.0 (1.0; 3.3)
1.0 (0.7; 1.4)

31 (1.8,4.5)

0.59 (0.49; 0.69)
0.26 (0.19; 0.37)
0.13 (0.12; 0.16)

0.41 (0.31; 0.51)

3.13 (2.74; 3.55)

2.28(1.96; 2.61)
0.25(0.16; 0.39)
0.10(0.08:0.13)

0.38 (0.24; 0.52)

0.77 (0.69; 0.83)
0.08(0.06; 0.12)
0.036 (0.03; 0.042)

0.12(0.09; 0.16)

7(7)
12(12)
36 (36)

1(1)



Normal segment 36 (36) 11(11) 44 (44)
Data are shown as median (interquartile range) or number (percentage)
a mean values calculated for all measurements performed within I()-mm segments adjacent proximally and distally to the culprit

Abbreviations: IRA, infarct-related artery

Table 3 The independent predictors of the presence of thin-cap fibroatheroma in the culprit lesion and of the thickness of intima or intima-
media in the adjacent to the culprit region
Independent variables Univariable model Multivariable model

Presence of TCFA in the culprit lesion, Nagelkerke R2=0.29, P <0.001

OR P value 95% CI for OR OR P value 95% CI for OR
Diabetes mellitus, yes vs no 3.891 0.04 1.050 14.286 3.086 0.12 0.750 12.658
Creatinine, per 1 pmolL 1.048 0.02 1.009 1.089 1.049 0.03 1.004 1.096
Citrulline/Ornithine, per 0.01 0.979 0.005 0.965 0.994 0.978 0.006 0.962 0.994

Mean intima-media diameter of the adjacent segment, R2=0.39, P <0.001

beta P value 95% CI for beta beta P value 95% ClI for beta
Age, per lyear 0.218 0.03 0.017 0.412 0.197 0.05 -0.002 0.394
Male gender, no vs yes 0.313 0.002 0.118 0.508 0.399 <0.001 0.212 0.585
Diabetes mellitus, no vs yes 0.293 0.004 0.095 0.491 0.222 0.02 0.030 0.414
Ornithine/ Arginine, per 0.01 0.337 0.003 0.112 0.561 0.227 0.02 0.045 0.409

Mean intima diameter of the adjacent segment, R2= 0.35, P <0.001

beta P value 95% CI for beta beta P value 95% CI for beta
Age, per lyear 0.079 0.18 -0.021 0.383 0.175 0.08 -0.023 0.373
Male gender, no vs yes 0.353 <0.001 0.160 0.546 0.434 <0.001 0.247 0.620
Diabetes mellitus, no vs yes 0.264 0.01 0.064 0.464 0.203 0.04 0.012 0.394
Ornithine/ Arginine, per 0.01 0.291 0.009 0.085 0.497 0.218 0.02 0.036 0.412

Abbreviations: beta, coefficient; Cl, confidence interval; OR, odds ratio; TCFA, thin-cap fibroatheroma
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Figure 3 Arginine metabolites and their indices in patients with and without TCFA.
Box plot shows median and interquartile range (1QR) (Q3 to Q). QI and Q3 are the first and
third quartiles. Whiskers are drawn at Q3 + 1.5x1QR, QI - 1.5xIQR. Extreme values are

omitted.
Abbreviations: ADMA, asymmetric dimethylarginine; GABR, global arginine

bioavailability ratio; TCFA, thin-cap fibroatheroma

Figure 4 An altered arginine metabolites balance in acute phase of myocardial infarction and

its relationships.
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Abbreviations: plasma concentration of: A, arginine; ADMA, asymmetric dimethylarginine;
C, citrulline; eNOS, endothelial nitric oxide synthase; iINOS, inducible nitric oxide synthase;

MI, myocardial infarction; O, ornithine; P, proline; TCFA, thin-cap fibroatheroma

Short title: Infarct-related artery intima-media and plasma arginine
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5.3. Publikacja 3: , Simultaneous cardiac free wall rupture and ventricular septal rupture

following acute myocardial infarction treated with emergency balloon closure”
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Abstract

Coronary artery dissection following its cannulation for cardioplegia administration as a
result of aortic valve replacement (AVR) is a rare but nevertheless life-threatening
complication. The three cases of a patient suffering from aortic stenosis illustrated below

focus on the issue of how to identify and treat the dissected artery. In all of the patients
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who had undergone AVR diagnosed was a periprocedural

myocardial infarction.

Angiography revealed the dissection of the left main in two of the patients, while in

Funding information

Jagiellonian University Medical College,
Grant/Award Number: K/ZDS/006441;
National Science Centre Poland, Grant/Award
Number: 2016/21/B/NZ5/01378

the dissection or to perform

the third one that of the right coronary artery. In the case of local dissection, angiography
was sufficientto identify the true lumen, whereas in a dissection encompassing the whole

of the coronary tree it was necessary to either find the coronary artery not involved in

intravascular ultrasound imaging. After true Ilumen

identification, the entry of dissection was stented with the optimal angiographic result.

KEYWORDS

aortic valve replacement, coronary artery dissection, true lumen

1 | INTRODUCTION

Aortic stenosis (AS) is the most frequent valvular disease in the elderly
and surgical aortic valve replacement (AVR) is the treatment of choice.1
During AVR performed by means of a cardiopulmonary bypass (CPB)
antegrade cardioplegia is delivered either indirectly to the aortic root, or
selectively to the ostium of the coronary artery. Complications related
to this procedure are uncommon but may include coronary artery
dissection. Although this complication is rare and potentially lethal, little
data addressing this issue have been collected.23 Below we shall focus
on how to identify and treat the true lumen of the dissected artery.
Here we illustrated three cases suffering from iatrogenic coronary
artery dissection after its cannulation for cardioplegia administration
directly into coronary ostia.

2 CASE SERIES

The first patient is a 78-year-old female with severe, symptomatic,
rheumatic aortic valve stenosis. According to The European System for
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Cardiac Operative Risk Evaluation (EUROSCORE II) (1.9%) and Society
of Thoracic Surgeons (STS) (2.32%), the risk of surgery was moderate.
She underwent AVR with a biological Sorin Mitroflow 21A valve
(LivaNova PLC, London, UK) using the ministernotomy approach with
CPB. The first day following AVR, the patient displayed highly elevated
cardiac enzymes (the maximum troponin T was 16.74 ng/mL with the
upper level of the normal range being 0.014 ng/mL). As a result of signs
of myocardial infarction (MI), coronary angiography was performed,
and showed a dissection beginning in the left main (LM), passing
through the left anterior descending (LAD) artery, with occlusion of the
proximal left circumflex (LCx) artery, and occlusion of the first diagonal
branch (Dgl) (Figure 1A and IB). After the wiring of the proximal LAD
and LCx blood flow was restored in the left coronary system (Figure 1C
and ID). However, the patient was not stable enough for intravascular
ultrasound (IVUS) imaging in order to detect the true lumen. Yet, we
discovered that the only artery not involved in the dissection was Dgl,
here closed at the baseline. After a few attempts, the guidewire was
successfully inserted into the Dgl (Figure IE) and a stent was implanted
inthe LM on the wire in the Dgl branch (Figure IF), while the entry of
dissection was closed with good epicardial flow despite the persistent
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FIGURE 1

The angiography of the presented cases. First patient. AB, Dissection beginning in the LM, passing through the LAD, with

occlusion of the proximal LCx, and occlusion of the Dgl. C,D, After the wiring blood flow restored in the left coronary system. E The guidewire
inthe Dgl. F, A stent implanted in the LM on the wire in the Dgl. G,H, Final result with closed the entry of dissection and good epicardial flow
despite the persistent distal dissection. Second patient. I, LM dissection involving LAD. J, Following catheter insertion, the dissection stabilized
and was not at all visible. K Following LAD wiring an IVUS confirmed the position of the wire in the true lumen. L, Final result after the stent
implantation from the LM to LAD with full epicardial flow. Third patient. M, A normal left coronary system. N, Ostial RCA occlusion. O, In the
next contrast injection a local dissection in the proximal RCA. P, A stent successfully implanted

distal dissection in the whole of the left system (Figure 1G and 1H).
After a 2-week period the patient was discharged and now has
completed a 2-year follow-up.

The second patient is a 56-year-old male with symptomatic, severe
AS and a moderate aortic insufficiency. According to the EUROSCORE
Il (1.29%) and STS (0.95%), the risk of surgery was deemed to be low.
He underwent AVR with a Sorin Crown of phospholipid reduction
treatment (PRT) (LivaNova PLC) 23 mm, using the ministernotomy
approach with CPB and hypothermia. The following day after surgery,
highly elevated cardiac enzymes (troponin T was 3,26ng/mL) were
detected with a new left bundle branch block (LBBB). In the coronary
angiography, we found an LM dissection involving LAD (Figure II).
Following catheter insertion into the ostium of the LM, the dissection
stabilized and was not at all visible (Figure U). Therefore, following LAD
wiring an IVUS was used to confirm the position of the wire in the true
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lumen, with bleod flow between the media and the intima (Figure IK).
Immediately after the stent implantation from the LM to LAD full
epicardial flow was restored (Figure IL), however, 2 hours later the
patient suffered a fatal cardiac arrest.

The third patient is an 85-year-old female with a mixed rheumatic
aortic valve disease. The assessed risk of surgery, according to the
EUROSCORE I (2.32%) and STS (3.05%), was deemed to be moderate.
She underwent AVR Sorin Crown PRT 19 mm using ministernotomy.
Immediately after the operation, she had elevated cardiac markers
(troponin T was 2.96ngfnL) and
infusions. Coronary angiography was to reveal a normal left coronary
system (Figure 1M) and ostial right coronary artery (RCA) occlusion
(Figure IN). The subsequent contrast injection showed a local
dissection in the proximal RCA, with an irregular and narrow true

required three catecholamine

lumen (Figure 10). Following gentle wiring and balloon predilation, a



stent was successfully implanted (Figure IP). On the second day
following surgery, she died as a result of right ventricular failure.

3  DISCUSSION
In the current study, all the patients examined suffered from symptoms
of low cardiac output syndrome following periprocedural Ml with highly
elevated cardiac necrotic enzymes within the first day after AVR. Before
this happened, while in the operating theater and subsequently in the
first hours following surgery they were hemodynamically stable without
any ischemic changes in the electrocardiography (ECG). In the differential
diagnosis, we are aware of the risk of inadequate cardioprotection or
coronary artery injury due to its mechanical cannulation despite the lack
of coronary lesions in the ostial and proximal segments of coronary
arteries in the angiography performed before surgery. For that reason,
we performed coronary angiography. There are no guidelines or
recommendations on the procedure given such a clinical setting. In cases
of intact coronary ostia in angiography, a patient remains on inotropic
and/or mechanical circulatory support. In turn, in the case of coronary
dissection considered should also be revascularization.

In a patient suffering from MI after AVR following iatrogenic
coronary artery dissection as a result of its cannulation for
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selective cardioplegia administration, the proposal as to how to
identify the true lumen depends entirely on the type of dissection
(Figure 2).45 In the case of local dissection simple angiography
assessment should be enough, whereas in a dissection encom-
passing the whole of the coronary tree it is necessary to either find
the coronary artery not involved inthe dissection or to confirm the
position of the guidewire by means of IVUS imaging or optical
coherence tomography.

Coronary dissection following AVR could be treated by using
either percutaneous coronary intervention (PCI) or coronary
artery bypass surgery (CABG). In most cases, stenting of the
dissection entry is sufficient to restore the proper blood flow. In
the case of distal propagation of the dissection, multiple stenting is
necessary. The alternative treatment option is CABG. The main
concerns of the CABG procedure in a patient with coronary
dissection are associated with patient hemodynamic instability,
with performing an effective distal anastomosis of the graft with
dissected coronary artery and with the risk of a subsequent CPB
straight after AVR. Our patients, following consultation with
cardiac surgeons, were treated with PCl as a result of their
hemodynamic instability. However, our results confirm that
revascularization in such cases is associated with a high risk of
death due to the extremely large reperfusion injury, therefore, the



4  CONCLUSIONS

From our perspective, the optimal management in patients with Ml
following AVR should include prompt diagnosis and in the case of
coronary artery dissection, the immediate identification of the true
lumen with immediate stenting or CABG followed by further

inotropic and/or mechanical circulatory support as necessary.
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6. Material i metody
6.1.Charakterystyka badanych grup, kryteria wlaczenia, wylaczenia

6.1.1. Publikacja 1

Do badania wtaczono 70 pacjentdéw z ostrym MI z uniesieniem odcinka ST (STEMI,
ang. ST elevation myocardial infarction) leczonym metoda pierwotnej angioplastyki
wiencowe] (pPCL, ang. primary percutaneous coronary intervention). Do badania byli
wlaczani pacjenci ze STEMI wigzacym si¢ z mozliwoscig wystgpienia duzej strefy
uszkodzenia miokardium, czesto z zawalem $ciany przedniej. Wyjs$ciowo, przy przyjeciu
oraz po 6 miesigcach obserwacji pacjentom pobierano krew, aby zmierzy¢ poziom
0s0czZowego stezenia argininy, ornityny, cytruliny, proliny, ADMA oraz azotandéw i
azotyndw (NOx, ang. nifrite/nitrate) metodg chromatograficzng. Wyniki oznaczen z krwi
zestawiono z ocenionymi w rezonansie magnetycznym serca (CMR, ang. cardiac magnetic
resonance) funkcja lewej komory, jej objetoscia 1 masg oraz parametrami charakteryzujacymi
jej uszkodzenie, w tym strefa zagrozenia martwica (AAR, ang. area at risk), strefa zawatu
(IS, ang. infarct size) 1 strefg obstrukcji mikrokrazenia (MVO, ang. microvascular
obstruction, MVO) a ponadto ze zdarzeniami klinicznymi podczas S-letniego okresu

obserwacji takim jak zgon, ponowny MI lub hospitalizacja z powodu niewydolnosci serca.

6.1.2. Publikacja 2
Wiaczono 100 pacjentéw ze STEMI leczonym metodg pPCI. U wszystkich pacjentéw

Zmierzono poziom argininy, ornityny, cytruliny, proliny, sperminy, spermidyny, putrescyny,
agmatyny, ADMA oraz monometyloargining (MMA, ang. N-monomethyl-1-arginine) metoda
chromatografticzng przy przyjeciu oraz po 6 miesigcach. Prébe kontrolng stanowito

25 pacjentow z przewleklym zespotem wiencowym dobranych pod wzgledem demogratfii,
czynnikow ryzyka sercowo-naczyniowego i choréb towarzyszacych, u ktorych nie
stwierdzono zmian miazdzycowych w tetnicach wiencowych pomimo dodatnich wynikéw

wykonanych wczesniej badan obcigzeniowych takich jak proba wysitkowa,
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echokardiograficzny test dobutaminowy czy scyntygrafia perfuzyjna mig$nia sercowego.
Wyniki oznaczen z krwi zestawiono z budowa $ciany tetnicy dozawatowej (IRA, ang.
infarct-related artery) zobrazowanej przy uzyciu optycznej koherentnej tomografii (OCT,
ang. optical coherence fomography) ze szczeg6lnym uwzglednieniem budowy zmiany
odpowiedzialnej za M1, a takze struktury 10-milimetrowego segmentu przylegajacego do
zmiany odpowiedzialnej za MI proksymalnie i dystalnie. W ciggu pierwszych 5 dni po MI
oceniono funkcje serca za pomocg badania echokardiograficznego. Przeprowadzono takze
odlegla obserwacje kliniczng pacjentéw, w ktdrej oceniano wystapienie zdarzen sercowo-
naczyniowych takich jak zgon, ponowny MI, nieplanowa rewaskularyzacja z powodu

objawow niedokrwienia lub udar.

Kryteria wlgczenia i wylaczenia dla Publikacji 1i 2 w znacznej mierze pokrywaly sie.
Kryteria wljczenia: bdl spoczynkowy w klatce piersiowej trwajacy nie dtuzej niz 12 godzin
z towarzyszacym uniesieniem odcinka ST >1 mm w 2 lub wigcej przylegajacych
odprowadzeniach konczynowych lub >2 mm w co najmniej 2 odprowadzeniach
przedsercowych lub nowy blok lewej odnogi peczka Hissa (ang. left bundle branch block,

LBBB).

Kryteria wylgczenia: brak zgody pacjenta na udziat w badaniu, wstrzgs kardiogenny, obrzek
pluc, wywiad MI lub PCI tego samego obszaru miokardium, przebyte pomostowanie
aortalno-wiencowe (CABG, ang. coronary artery bypass grafting), wywiad choroby
nowotworowej, choroba zakrzepowo-zatorowa, niewydolnos¢ nerek lub watroby. Ponadto

w pierwsze] publikacji dodatkowym kryterium wylaczenia byly przeciwwskazania do

wykonanie CMR, a w drugiej publikacji przeciwskazania do wykonania OCT.
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6.1.3. Publikacja 3

Publikacja 3 stanowi opis trzech pacjentow, u ktorych po operacji wymiany zastawki
aortalnej doszto do MI zwigzanego z przeprowadzong procedura chirurgiczng. U kazdego
z opisanych pacjentéw srodoperacyjnie, po kaniulacji tetnic wiencowych w celu podania
kardiopleginy do zapewnienia odpowiedniej karidoprotekcji doszto do bardzo rzadkiego
powiktania polegajacego na mechanicznym rozwarstwieniu ujscia tetnicy wiencowej,

a w efekcie koncowym do MI zwigzanego z procedurg. Czasopismo, w ktérym anonimowe

dane pacjentéw zostaty opublikowane, nie wymagato zgody komisji bioetycznej.

6.2. Zastosowane metody diagnostyczne

Rezonans magnetyczny serca

Obrazowanie CMR wykonano przy uzyciu aparatu 1.5-Tesla Magnetom Sonata
Maestro Class (Siemens, Erlangen, Germany). Pierwsze badanie wykonano pomiedzy 2. a 4.
dniem po pPCI, drugie po 6 miesiagcach [45].

Stosujac bramkowania EKG, na wydechu oceniano funkcj¢ lewej komory (LV, ang. left
ventricle) w sekwencji cine. Po sekwencjach cine oceniono obrzgk miokardium
odzwierciedlajacy AAR w sekwencji T2-zaleznej. Nastepnie wykonano obrazowanie z
zastosowaniem wzmocnienia kontrastowego gadobutrolem w dawce 0,1 mmol/kg (Gadovist,
Bayer Pharma AG, Niemcy). Akwizycje wykonywano pomigedzy 10. a 20. minutg po podaniu
kontrastu w celu oceny IS 1 MVO. Cala objetos¢ lewej komory pokryto kolejnymi,
przylegajacymi do siebie 8-milimetrowej grubosci plastrami, utozonymi prostopadle do osi
dtugiej LV.

Analize uzyskanych obrazéw przeprowadzono przy pomocy oprogramowania
Cardioviewer (KU Leuven, Belgium) w sposob zaslepiony. Granice wsierdzia i nasierdzia
obrysowano w fazie najwigkszej 1 najmniejszej objetosci LV, aby okresli¢ odpowiednio
objetos¢ koncowo-rozkurczowy 1 koncowo-skurczowa LV. Na podstawie pomiaréw objetosci
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LV obliczano jej frakcje wyrzutowa, a po przemnozeniu przez gestos¢ tkanki 1,05 g/ml jej
mas¢. Obrzek mieénia sercowego obrysowano na obrazach T2-zaleznych, a IS 1 MVO po
wzmocnieniu kontrastowym. Obrysowana powierzchnia AAR, IS i MVO w kazdym plastrze
pomnozona przez jego grubosC i przez gestos¢ tkanki migsnia sercowego (1,05 g/ml)
pozwolita obliczy¢ mas¢ odpowiednio AAR, IS i MVO. AAR wyrazono jako proporcje masy
LV. Z kolei hiperdensyjny obszar IS odniesiono do obrzgku migsnia sercowego (IS/AAR) lub

masy LV (IS/LV), a MVO wyrazono jako wskaznik obszaru zawatu (MVO/IS).

Optyczna koherentna tomografia

Obrazowanie metodg OCT zostato wykonane przy pomocy systemu Lunawave OFDI
firmy Terumo (Tokyo, Japan). Po udroznieniu IRA cewnik do OCT zostat wprowadzony
dystalnie do miejsca zmiany odpowiedzialnej za MI. Podczas skanowania $ciany tetnicy jej
swiatto zostato wypelnione stupem kontrastu podawanego dowiencowo z szybkoscia
4 ml/sek. Procedura byta powtdrzona po wszczepieniu stentu. Wszystkie obrazy zapisane
cyfrowo zostaly poddane analizie przez niezaleznego badacza zaslepionego w stosunku do
pozostatych informacji klinicznych i laboratoryjnych, oddzielnie dla zmiany odpowiedzialne;
za MI oraz w zakresie segmentow przylegajacych do niej 10 mm proksymalnie i 10 mm
dystalnie. W obrebie zmiany odpowiedzialnej za MI na kazdym poprzecznym skanie
oceniono morfologi¢ sciany tetnicy, w tym cechy niestabilnosci blaszki miazdzycowej takie
jak cienka wtoknista czapeczka (TCFA, ang. thin-cap fibroatheroma), jej peknigcie,
obecno$¢ martwiczego rdzenia, nacieku makrofagow, vasa vasorum lub krwiaka
srodsciennego. Na przekroju podtuznym zostata zmierzona dlugos¢ zmiany odpowiedzialne;
za MI. Na kolejnych przekrojach poprzecznych obrysowano pole naczynia, jego swiatto i
pole zakrzepu. Ladunek zmiany i zakrzepu zostat obliczony ze wzoru: $rednie pole

zmiany/zakrzepu % dlugo$¢ zmiany/zakrzepu [46]. Przyczyne niedroznosci IRA
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zdefiniowano jako: erozje lub pekniecie blaszki miazdzycowej, dyssekcje lub ciasne
zwezenie, natomiast dominujacy komponent zmiany odpowiedzialnej za M1 oceniono jako
zakrzepowy, lipidowy, wtoknisty lub zwapnienie. Polilosciowo rozmiar fadunku lipidowego
w obrebie zmiany wyrazono jako dlugos¢ rdzenia lipidowego o tuku >90 stopni, natomiast
stopien uwapnienia jako maksymalny tuk, jego dtugos¢ i maksymalng grubosc¢.

W segmencie poza zmiang odpowiedzialng za MI obrysowano $§wiatto naczynia oraz
granice warstwy wewnetrznej (intima) 1 warstwy srodkowej (media) na najbardzie;
proksymalnym przekroju, na najbardziej dostepnym dystalnym przekroju, na trzech
przekrojach w obrgbie 10 mm przylegajacych proksymalnie do zmiany odpowiedzialnej za
zawal (10 mm przed, 5 mm przed i na granicy zmiany) oraz na trzech przekrojach w obrebie
10 mm przylegajacych dystalnie do zmiany odpowiedzialnej za zawat (10 mm za, 5 mm za
i na granicy zmiany). Uzyskane obrysy postuzyty do obliczenia powierzchni blony
wewnetrznej, warstwy srodkowej, kompleksu intima-media 1 §wiatla tetnicy. Na tych samych
przekrojach, na podstawie pomiarow wykonanych co 90 stopni, obliczano $rednie grubosci
intimy, medii, kompleksu intima-media i §wiatta. Srednie wartosci dla regionu
przylegajacego do zmiany odpowiedzialnej za zawat byly uzyskane ze wszystkich pomiaréw
z 10-milimetrowego segmentu proksymalnego lub dystalnego. Na analizowanych
przekrojach okreslono dominujacy typ histologiczny blaszki jako lipidowy, wtoknisty,

zwapnienie, pogrubiong intime lub jako normalng §ciane.

Chromatografia cieczowa

Probki krwi pobierano na cytrynian przy przyjeciu do szpitala w ostrej fazie MI
1 ponownie 6 miesiecy pozniej. Krew odwirowywano w 2500 g, w temperaturze od 18 do
22°C przez 20 minut 1 przetwarzano natychmiast lub przechowywano w temperaturze -80°C

do czasu analizy. Biatka osocza wykorzystywane do analizy aminokwasow byly wytracane
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przed pomiarem za pomoca 80% metanolu. Stezenia argininy, ornityny, cytruliny, proliny,
sperminy, spermidyny, putrescyny, agmatyny, azotanow/azotynéw (NOx), ADMA i MMA
mierzono w dwoch powtorzeniach za pomoca ultraszybkiej chromatografii cieczowej
sprzezonej z tandemowa spektrometria masowa (ang. ultra-performance liquid
chromatography-tandem mass spectrometry, UPLC-MS/MS) z uzyciem aparatu Waters
ACQUITY UPLC (Waters Corporation, Milford, MA, USA) sprzezonego ze spektrometrem
mas Waters TQD (tryb jonizacji elektrospray ESI-tandem quadrupole). Procedurg pomiaru
NOx przeprowadzono dwiema metodami [47]. W przypadku azotyndéw procedura
obejmowata bezposrednig derywatyzacje do zwigzku azowego-4-((4-((2-aminoetylo)amino)
naftalen-1-yl)diazenyl)benzenosulfonamidu, ktory nastgpnie byt oznaczany ilosciowo z
wykorzystaniem tandemowej spektrometrii masowej UPLC-MS/MS. Procedura dla azotandéw
obejmowata dwa etapy: enzymatycznej redukcji do azotynow, a nastepnie derywatyzacje do
zwiazkéw azowych 1 pomiar ilosciowy, jak opisano powyzej. Pomiary w probkach osocza
byly wykonywane rownolegle, a ostateczna zawarto$¢ azotandw byta obliczana na podstawie
roznicy pomigdzy warto$ciami uzyskanymi z obu procedur, poniewaz druga z metod
jednoczesnie oznaczata ilosciowo azotyny 1 azotany w probcee.

Rozdzialy chromatograficzne przeprowadzono z wykorzystaniem kolumny Acquity
UPLC BEH C18, 2,1x100 mm, o wielkosci czastek 1,7 pum, wyposazonej w prekolumne
Acquity UPLC BEH C18 VanGuard. Kolumng utrzymywano w temperaturze 40°C 1
eluowano w nastepujacych warunkach: elucja liniowym gradientem od 100 do 20% eluentu
A przez 4 minuty, nastgpnie elucja izokratyczna 20% eluentu A przez 2 minuty oraz elucja
liniowym gradientem od 20 do 100% eluentu A przez 1 minute przy przeptywie 0,3 mL/min
(0,3 mL/min). 0,3 mL/min (Eluent A: woda/kwas mréwkowy (0,1%, v/v); eluent
B: acetonitryl/kwas mrowkowy (0,1%, v/v). 10 uL kazdej prébki wstrzykiwano w trzech

powtorzeniach.
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Rozdziaty chromatograficzne aminokwasow prowadzono z wykorzystaniem kolumny
Acquity UPLC BEH Amide o wymiarach 2,1x100 mm i1 wielko$ci czastek 1,7 um
wyposazonej w prekolumng VanGuard Acquity UPLC BEH Amide.

Kolumne utrzymywano w temperaturze 40°C i eluowano w warunkach liniowego
gradientu elucji od 20% do 35% eluentu A w ciggu 4 minut, a nastepnie liniowego gradientu
elucji od 35% do 40% eluentu A w ciagu 6 minut, z szybkoscig przeptywu 0,3 mL/min.
(Eluent A: woda/kwas mrowkowy (0,1%, v/v); eluent B: acetonitryl/kwas mréwkowy
(0,1%, v/v)). Parametry spektrometru masowego Waters TQD zoptymalizowano do analizy
ilosciowej, stosujac roztwory L-argininy, NG, NG-dimetyloargininy, L-cytruliny, L-ornityny,
L-proliny, 4-((4-((2-aminoetylo)amino)naftalen-1-yl)diazenyl)benzenesulfonamidu
i chloramfenikolu, o stg¢zeniu 10 pg/mL przy przeptywie 20 uL/min oraz mieszaning
eluentow A 1 B 1:1 (v/v) przy predkosci przeptywu 0,28 mL/min.

Wskaznik biodostgpnosci argininy (ang. global arginine bioavailability ratio, GABR)
obliczono jako stosunek stezenia argininy do sumy stezen ornityny i cytruliny.

6.3. Statystyka

Analizy statystyczne zostaly wykonane z pomoca programu SPSS Statistics software
(wersja 25.0.0.2, IBM, USA). Zmienne ciaglte zostalty wyrazone jako mediany (rozstgp
migdzykwartylowy), a zmienne kategoryczne jako liczby (procenty). Zmienne ciagle byly
najpierw ocenione pod katem rozktadu przy uzyciu testu Shapiro-Wilk oraz poréwnane
testem t-Studenta gdy rozktad byt normalny lub testem U Mann-Whitney gdy rozktad byt
pozanormalny. Zmienne zalezne zarowno dla rozkladu normalnego i pozanormalnego byty
porownane odpowiednio testem t-studenta dla prob zaleznych lub testem rang Wilcoxona.
Zmienne kategoryczne byly porownywane przy uzyciu doktadnego testu Fishera. Zaleznosci
migdzy dwiema cigglymi zmiennymi oceniano, stosujac odpowiednio korelacje rang

Spearmana dla zmiennych o rozkladzie pozanormalnym lub Pearsona, gdy rozktad byt
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normalny. Arginina, jej metabolity 1 pochodne zostaly ocenione pod katem przewidywania
obecnosci TCFA w obrebie zmiany odpowiedzialnej za zawat, jak rowniez pod katem
wystapienia ztozonego klinicznego punktu koncowego w analizie krzywych metodg ROC
(ang. receiver operating characteristic). Sprawdzono, czy arginina, jej metabolity lub jej
pochodne wigza si¢ w sposédb niezalezny z obecnoscig TCFA (regresja logistyczna),
gruboscia kompleksu intima-media segmentu przylegajacego do zmiany odpowiedzialnej za
zawal (regresja liniowa) oraz klinicznym ztozonym punktem koncowym (regresja Coxa).

Dwustronne P<0.05 uznano za istotne statystycznie.
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7. Podsumowanie wynikow
7.1. Publikacja 1
Struktura, funkcja i uszkodzenie lewej komory
Nie stwierdzono istotnych réznic w objetosci LV w poznym skurczu (LVESYV, ang.

left venticle end-systolic volume) 1 poéznym rozkurczu (LVEDV, ang. left venticle end-
diastolic volume) oraz we frakcji wyrzutowej LV (ang. left ventricular ejection fraction,
LVEF) pomiedzy wartosciami wyjsciowymi 1 po 6 miesigcach. Po 6 miesigcach wzrosta
objetos¢ wyrzutowa (P=0,005), a zmniejszyta si¢ masa LV (P=0,011).

Mediana AAR wynosita 51% objetosci LV. Wskaznik IS/LV zmniejszyt si¢ z 0,34
wyjsciowo do 0,21 w okresie obserwacji (P<0,001). MVO uwidoczniono u 54 z 70

pacjentow, a jego mediana wyniosta 8% strefy zawatu.

Arginina i jej metabolity

Stezenie argininy wyj$ciowo bylo wyzsze o 49% (P=0,002), ADMA o 42% (P=0,032)
oraz NOx 0 28% (P<0,001) w porownaniu do stezen po 6 miesigcach. Nie stwierdzono
istotnych réznic w odniesieniu do stezenia ornityny, cytruliny oraz proliny pomig¢dzy
badanymi punktami czasowymi. Zaobserwowano istotne wzajemne korelacje pomiedzy
stezeniami argininy, ornityny oraz cytruliny zarowno w ostrej fazie jak i po 6 miesigcach.
Korelacje pomigdzy stezeniami NOx oraz argininy, ornityny i cytruliny zaobserwowano
jedynie w fazie stabilnej. Nie obserwowano istotnych réznic w obu punktach czasowych
w zakresie indeksow cytrulina/ornityna oraz arginina/ADMA, podczas gdy wskaznik
cytrulina/arginina byl nizszy w okresie ostrej fazy (P=0,002) w porownaniu do obserwacji

odlegte;.
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Metabolity argininy i jej pochodne a uszkodzenie migsnia sercowego w ostrej fazie MI
Poziomy stezen metabolitow argininy mierzone w okresie ostrej fazy MI nie byly
skorelowane z zindeksowanymi objetosciami LV, masa LV oraz LVEF ocenionymi w CMR

2-4 dni po pPCl, z wyjatkiem argininy i zindeksowanej LVEDV.

Odnotowano istotne korelacje pomigdzy stezeniem argininy, cytruliny, ornityny 1
ADMA oraz wspotczynnikiem AAR/LV oraz IS/LV. Stezenia argininy (62,8 [49,6-81,8]
versus 29,1 [16,8-76,4] uM, P=0,021) oraz ADMA (2,11 [1,76-2,57] versus 0,74 [0,51-2,13]
uM, P=0,009) byly wyzszy, a stezenie NOx (7,7 [5,7-9,6] versus 11,4 [8,4-13,4] uM,
P=0,003) byto nizsze u chorych z MVO w poréwnaniu do tych bez.

Wskaznik NOx/arginina korelowal odwrotnie proporcjonalnie z wartosciami indeksow
AAR/LYV oraz IS/LV oraz zindeksowanymi LVEDV 1 LVESV. Chorzy zMVO
charakteryzowali sie nizszymi wartosci NOx/arginina w porownaniu z pacjentami bez MVO
(0,13 [0,08-0,22] versus 0,36 [0,11-0,61], P=0,022). Warto$¢ indeksu NOx/ADMA w trakcie
ostre] fazy korelowata odwrotnie proporcjonalnie z AAR/LV, IS/LV oraz zindeksowanymi
LVEDV i LVESV. U chorych zMVO obserwowano nizszy poziom wskaznika NOx/ADMA

w stosunku do pozostatych pacjentow (3,91 [2,28-6,34] versus 12,90 [3,19-20,84], P=0,007).

Metabolity argininy i ich wskazniki a uszkodzenie migsnia sercowego w fazie przewleklej
Po 6 miesigcach jedynie prolina korelowata z zindeksowanymi LVEDV 1 LVESV oraz
z masg LV. Odnotowano odwrotng korelacje pomigdzy wskaznikiem cytrulina/ornityna

a masg LV i zindeksowanymi objetosciami LV oraz korelacje prosta z LVEF.

Obserwacja odlegla
Wszyscy chorzy ukonczyli roczny 1 5-letni okres obserwacji. Nie obserwowano réznicy

W poziomie argininy w okresie ostrej fazie MI pomiedzy chorymi, u ktorych wystapit
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ztozony punkt koncowy w stosunku do pozostatych (57,5 [24,1-70,8] versus 63,7 [41,1-
81,82], P =0,53). Stezenia argininy po 6 miesigcach osiagneto wartos¢ 0,67 dla pola pod
krzywa ROC (95% przedzial ufnosci 0,54-0,81, P=0,025) dla przewidywania zgonu,
ponownego MI lub hospitalizacji z powodu niewydolnosci serca z czutoscig 66% oraz
swoistoscig 65%. Punkt odcigcia < 29 uM dla powyzszego oznaczenia zwigzany byt z
mniejszym przezyciem wolnym od zdarzen klinicznych (P=0,02). Analiza wieloczynnikowa
metoda regresji Coxa wykazata, ze stezenie argininy <29 uM zmierzone po 6 miesigcach od
zawatu z poprawka na wiek, pte¢ oraz IS bylo niezaleznie zwigzane z ponad 2,5-krotnie
czestszym wystepowaniem ztozonego punktu koncowego.
7.2. Publikacja 2

Metabolity argininy i jej wskazniki

W ostrej fazie MI w poréwnaniu do pomiaréw z fazy przewlekle] odnotowano wyzsze
stezenie ornityny o 73% oraz proliny o 76%, 1 jednoczesnie nizsze warto$ci poziomu argininy
0 41%, ADMA o0 40% oraz cytruliny o 71% (P<0,001 dla wszystkich wartosci). U chorych
z grupy kontrolnej obserwowano nizsze wartosci ornityny (P<0,001), proliny (P=0,004) oraz
ADMA (P=0,006) bez istotnych réznic w zakresie wartosci argininy (P=0,35) oraz cytruliny
(P=0,61) anizeli u pacjentéw z MI w stabilnej fazie.

W ostrej fazie MI wskazniki cytrulina/arginina, cytrulina/ornityna oraz GABR byty
nizsze, podczas gdy wskazniki ornityna/arginina oraz prolina/arginina bylty wyzsze
w stosunku do pomiaréw z fazy przewlektej (P<0,001 dla wszystkich wartosci). U chorych
z grupy kontrolnej obserwowano nizsze wartosci wskaznikdéw ornityna/arginina (P=0,016)
oraz prolina/arginina (P=0,017), a takze wyzsze warto$ci indeksu cytrulina/ornityna

(P=0,002) w poréwnaniu do pacjentow z M1 w fazie stabilnej.
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Metabolity argininy a TCFA

W ostrej fazie zawatu chorzy z TCFA obecng w zmianie odpowiedzialnej za zawat
mieli wyzsze stezenie ADMA (P=0,015) 1 ornityny (P=0,003) bez istotnych zmian
w odniesieniu do argininy, cytruliny oraz proliny w poréownaniu do pacjentow bez TCFA.
Wsrod chorych z TCFA stwierdzono nizsze wartosci indeksow cytrulina/ornityna (P=0,003)
oraz arginina/ADMA (P=0,040) oraz wyzsze warto$ci wskaznika ornityna/arginina (P=0,045)

w poréwnaniu do pozostatych.

Metabolizm argininy a blona wewngtrzna IRA

Srednia grubo$¢ btony wewnetrznej lub kompleksu intima-media w przylegajacym do
zmiany odpowiedzialnej za MI, 10-milimetrowym segmencie proksymalnym i dystalnym
byta wigksza u mezczyzn, a po 6 miesigcach korelowata pozytywnie ze wskaznikiem
ornityna/arginina i odwrotnie ze st¢zeniem argininy, GABR 1 wskaznikiem
cytrulina/ornityna. Srednia grubos¢ btony wewnetrznej lub kompleksu intima-media
dystalnej referencji korelowata z 6-miesigcznym wskaznikiem ornityna/arginina, a odwrotnie
proporcjonalnie ze stezeniami argininy, proliny, cytruliny oraz ze wskaznikami
cytrulina/ornityna i prolina/arginina. Srednia grubo§¢ medii w dystalnym segmencie IRA
korelowata odwrotnie proporcjonalnie z warto$ciami argininy, cytruliny, proliny
1 wskaznikiem cytrulina/ornityna mierzonymi w trakcie 6-miesiecznego okresu obserwacji.
Im bardziej dystalny segment analizowano, tym silniejsze byty korelacje pomiedzy $rednig
gruboscia intimy, kompleksu intima-media 1 medii a metabolitami argininy oraz ich

wskaznikami.
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Niezalezne czynniki ryzyka obecnosci TCFA oraz grubosci kompleksu intima-media

Analiza wieloczynnikowa metoda regresji logistycznej pokazata, ze wyzsze stezenie
kreatyniny (P=0,032) oraz nizsza warto$¢ wskaznika cytrulina/ornityna (P=0,006) w ostre;j
fazie M1 byly zwiazane z czgstszg obecnoscia TCFA. Wskaznik cytrulina/ornityna osiggnat
wartos¢ 0,77 dla pola pod krzywa ROC (95% przedziat ufnosci 0,66-0,88) dla przewidywania
obecnosci TCFA z punktem odciecia >0,12 oraz czutoscia 89,0% 1 swoistoscia 57,1%.

Z kolei wieloczynnikowa analiza liniowa wskazata pte¢ meska (P<0,001), cukrzyce
(P=0,024) oraz wyzsze wartosci wskaznika ornityna/arginina ocenione w fazie przewlekle;j
(P=0,018) jako niezaleznie powigzane z wigksza gruboscia kompleksu intima-media

w przylegajagcym do zmiany odpowiedzialnej za MI segmencie IRA.

Obserwacja odlegla

Sposrod 100 whaczonych pacjentow w czasie obserwacji o medianie 16 (16-30)
miesigcy 4 pacjentow zmarto, w tym 2 przed wypisem ze szpitala, u 4 wystapit powtdrny M1,
udar u 3, a pilna angioplastyka z powodu dtawicy niestabilnej byta wykonana u 3 chorych.
Ztozony punkt koncowy wystapit u 14 pacjentéw i u tych pacjentow obliczony 6 miesiecy po
MI wskaznik ornityna/arginina byt wyzszy, a GABR byl nizszy niz u pozostalych. Wskaznik
ornityna/arginina oznaczony po 6 miesigcach osiagnat pole pod krzywa ROC 0,80 (95%
przedzial ufnosci 0,68-0,91) dla przewidywania wystapienia zgonu, zawatu, udaru lub
nieplanowe] PCI z powodu dlawicy niestabilnej z punktem odcigcia >0,57, czuloscia 74,1%
1 swoistoscig 78,0%

7.3. Publikacja 3

W publikacji opisano trzech chorych leczonych z powodu cigzkiego zwezenia lewego

ujscia tetniczego. W trakcie chirurgicznej wymiany zastawki aortalne] dowiencowo podano

kardiopleging jako element standardowej procedury. W pierwszych godzinach po operacji u
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kazdego z pacjentéw odnotowano podwyzszony poziom enzymow wskaznikowych martwicy
miokardium, ktoremu towarzyszyly zmiany w EKG 1/lub zaburzenia hemodynamiczne.

Z tego powodu u wszystkich chorych wykonano kontrolng koronarografie, uwidaczniajac

w dwoch przypadkach dysskecje pnia gléwnego, a u trzeciego chorego rozwarstwianie
prawej tetnicy wiencowej. U wszystkich pacjentéw ujscia rozwarstwionych naczyn zostaty
zastentowane, w przypadku tego wymagajacym pod kontrola wewnatrzwiencowej
ultrasonografii dopplerowskiej (IVUS, ang. intravascular ultrasound). Niestety dwaj pacjenci
zgineli na fali reperfuzji, trzeci zakonczyt 2-letnig obserwacje. Opis trzech przypadkow
rzadkiego powiktania postuzyt do opracowania propozycji postepowania diagnostyczno-
terapeutycznego w przypadku objawdw ostrego niedokrwienia po operacji chirurgicznej

wymiany zastawki aortalne;j.
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8. Dyskusja i wnioski

Artykuly sktadajgce sie na niniejsza rozprawe doktorska przedstawiajg wyniki dwéch,
prospektywnych badan oceniajacych zmiany stezenia argininy 1 jej metabolitow w ostrej
fazie zawatu i stabilnym okresie pozawatowym oraz ich zwigzek z uszkodzeniem
miokardium i1 nasileniem zmian w nasierdziowych tetnicach wiencowych. Trzecia praca to
opis trzech przypadkéw rzadkiego powiktania operacji zastawki aortalnej zakonczonego
zawatem okotooperacyjnym. Wyniki kazdej z prac zostaly szczegdtowo przedyskutowane
w poszczegOlnych artykutach, a w ponizszej dyskusji przedstawiono podsumowanie
zawierajace najistotniejsze znaleziska, ich oddziatywanie na rozw¢j dziedziny, ograniczenia
prac oraz dalsze perspektywy stojace przed badang tematyka.

Populacje pacjentow ze STEMI wiaczone do publikacji pierwszej 1 drugiej maja rdézna
wyjsciowg charakterystyke, dobrang do postawionych celéw badawczych. Praca pierwsza
miata sprawdzi¢ zaleznosci pomiedzy uszkodzeniem miokardium a zmianami
metabolicznymi argininy, z kolei druga praca miata oszacowa¢ zaleznosci pomigdzy
metabolizmem argininowym i1 zmianami w tetnicy dozawatowej. Pierwsza publikacja
dotyczy pacjentdow o znacznie wyzszym bezposrednim ryzyku sercowo-naczyniowym.
Wilaczono do niej 74% pacjentéw z zawalem Sciany przedniej, wyjsciowo w 90% z
zamknietg IRA, o medianie czasu niedokrwienia 220 minut, co skutkowato spadkiem frakcji
wyrzutowe] lewej komory do 42%. Pacjenci w drugiej publikacji o typowym dla STEMI
populacyjnym rozktadzie IRA mieli zawal $ciany przedniej rzadziej w 47%, czescie], bou
prawie 40% z nich podczas pierwszego podania kontrastu IRA byta drozna, a mediana czasu
niedokrwienia byta krotsza 1 wyniosta 147 minut, co w efekcie przetozyto si¢ na mniejsze niz
w pierwsze] pracy uszkodzenie lewej komory z frakcja wyrzutowa 55%. To wplyneto na

warto$ci oznaczen parametrow argininowych, niemniej w obu populacjach byto widoczne

83



przesuniecie w metabolizmie argininy w kierunku arginazy kosztem NOS w ostrej fazie w

porownaniu do fazy przewlekiej.

- martwica kardiomiocytéw
- dieta

- rozpad biatek

- endogenna biosynteza

Osoczowe stezenie A, C,
O i ADMA koreluja z
AAR/LV i IS/LV

Rycina 2. Zmiany w metabolizmie argininy w zawale mig$nia sercowego. Podsumowanie
w tekscie dyskusji.

Objasnienia: NO: tlenek azotu, eNOS/iNOS: srdédbtonkowa/indukowalna syntaza tlenku
azotu, CAT: kationowy transporter aminokwasowy, SDMA: symetryczna
dimetyloargininy, MMA: mono-metylarginina, ADMA: symetryczna dimetyloargininy.

Dotychczasowe doniesienia nie opisywaty wyczerpujaco zmian metabolizmu argininy
podczas MI u cztowieka. Uzyskane wyniki wskazujg na przesuniecie metabolizmu argininy
w strone arginazy w trakcie ostrego niedokrwienia migsnia sercowego w poréwnaniu do
oznaczen po 6 miesigcach w fazie stabilnej (Rycina 2). Wedtug najlepszej wiedzy autoréw
w przedstawionych pracach po raz pierwszy zestawiono dynamiczne zmiany w metabolizmie

argininy ze stopniem okotozawatowego uszkodzenia miokardium, jak réwniez ze stopniem
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zaawansowania miazdzycy w nasierdziowej tetnicy wiencowej. Wyniki pierwszej publikacji
potwierdzajg istotny iloSciowy zwigzek pomiedzy stezeniami osoczowymi argininy, ornityny,
cytruliny i ADMA a morfologicznymi cechami uszkodzenia niedokrwienno-reperfuzyjnego
lewej komory opisanymi w CMR takimi jak AAR, IS oraz obecnos¢ MVO. Z kolei wyniki
drugiej publikacji wskazuja, ze metabolizm argininy przesuniety w strong arginazy kosztem
NOS w ostrej fazie M1, zwigzany jest z czestszym wystepowaniem TCFA w zmianie
odpowiedzialnej za M1, a po 6 miesigcach z wigkszg gruboscig blony wewnetrznej, a takze
kompleksu intima-media w odcinku przylegajacym do zmiany ranliwej. Obserwacje z obu
prac stwarzaja przestanki do tego, aby metabolity argininy bra¢ pod uwage jako wskazniki
rozlegtosci MI a z drugiej strony jako biomarkery umozliwiajace sledzenie procesu
miazdzycowego. Warto zaznaczy¢, ze na podstawie bazy danych Web of Science, aktualna na
dzien zlozenia rozprawy doktorskiej liczba cytowan w pracach petnotekstowych wynosita
siedem dla pierwszej publikacji (opublikowanej w 2021 roku) i1 jedno dla trzeciej publikacji.
Publikacja pierwsza zostata zacytowata w czasopismie Journal of Internal Medicine [48],

w pracy powstalej pod kierunkiem Johna Pernow, eksperta od metabolizmu argininowego.

W powyzsze] publikacji potwierdzono zwiekszong aktywno$¢ arginazy 1 wsérdd chorych z
zawatem mig$nia sercowego STEMI, niemniej nie stwierdzono zaleznos$ci pomiedzy
osoczowym poziomem arginazy 1 i strefa zawatu oceniong w MR. Pierwsza publikacja
zostala réwniez zacytowana w czasopi$mie Furopean Journal of Heart Failure, w ktorej
opisano profil transkrypcyjny u chorych z niewydolnoscia serca [49].

Analizy przeprowadzone w pracy pierwszej 1 drugiej oparto na grupach o sredniej
liczebnosci, ktorych wielkos$¢ nie byta planowana do weryfikacji hipotez klinicznych. Stad
uzyskane wyniki nalezy traktowac jako wstepne, a kliniczna wartos¢ prognostyczna
metabolitow argininy musi by¢ zweryfikowana w badaniach opartych na wigkszej populacji

[50]. Po drugie, probki krwi badane w ostrej fazie MI nie byly pobrane na czczo, przez co nie

85



mozna wykluczy¢ wptywu aminokwasow pochodzacych z diety na uzyskane wyniki. Poziom
metabolitow argininy oraz NOx mogt by¢ takze zaburzony przez nieanalizowane zmiennosci
metabolizmu watroby czy klirensu nerkowego azotanow [51, 52]. Po trzecie, metabolizm
argininy zwigzany z erytrocytami réwniez nie byt oceniany, stagd przeprowadzona analiza
osocza krwi odzwierciedla jedynie cze$¢ metabolizmu argininowego petnej krwi [53, 54].

W koncu, przeprowadzone badania nie dajg mozliwosci oceny wptywu towarzyszacej terapii
lekami hamujacymi oS renina-angiotenzyna-aldosteron czy statynami.

Wyniki obu publikacji moga stac sie punktem wyjscia do ponownej oceny efektoéw
lekow ingerujacych w metabolizm argininy, w tym inhibitoréw arginazy oraz suplementacji
argininy. Dotychczasowe doniesienia odnoszace sie do tych zagadnien przedstawiajg
niejednoznaczne wnioski. Z kolei uzyteczno$¢ metabolitow argininy jako potencjalnych
biomarkeréw M1 oraz okreSlenie profilu ekspresji genow uczestniczacych w metabolizmie
argininy potwierdzita praca Aa N i wsp. opublikowana w potowie 2021 roku [55]. Autorzy
tej pracy pokazuja, ze wartos¢ metabolitow argininy jako biomarkerow M1 i/lub miazdzycy
powinna byc¢ zestawiona z szczegétowymi analizami genetycznymi dotyczacymi podstaw
funkcjonowania arginazy i innych enzymow bioracych udziat w metabolizmie argininy.
Poznanie mechanizmow aktywacji i ekspresji genow odpowiedzialnych za metabolizm
argininy w trakcie Ml mogtoby zredukowac site czynnikdw zaktdcajacych ten metabolizm
jak wspominane zmiennosci zwigzane z dietg czy lekami stosowanymi po zawale.

Whioski

Podczas ostrego niedokrwienia miesnia sercowego dochodzi do zwigkszenia wzglednej
aktywnosci arginazy kosztem NOS w poréwnaniu z faza stabilng. W ostrej fazie zwiekszone
0soczowe stezenie argininy i jej metabolitow wigze sie z wiekszym uszkodzeniem
miokardium i mikrokrgzenia, a przesuniecie metaboliczne w kierunku arginazy kosztem NOS

jest nasilone u pacjentéw z obecnoscig TCFA w obrebie zmiany odpowiedzialnej za M.
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Utrzymujace sie przesuniecie metaboliczne w kierunku arginazy w fazie przewlektej jest
skorelowane z wiekszg gruboscig warstwy intima-media w stabilnych odcinkach IRA
przylegajacych do blaszki ranliwej. Z kolei obnizone wartosci argininy i zwiekszona warto$¢
wskaznika ornityna/arginina w fazie stabilnej sa zwigzane z niekorzystnym odlegtym

rokowaniem klinicznym.
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9. Streszczenie pracy doktorskiej w jezyku polskim
Wprowadzenie

Arginina jest substratem do produkgji tlenku azotu (NO, ang. nifric oxide), ktora zalezy
m.in od réwnowagi pomiedzy aktywnoscig syntazy tlenku azotu (NOS, ang. nitric oxide
synthase) 1 arginazy. Modele eksperymentalne wskazuja, ze w trakcie niedokrwienia migsnia
sercowego dochodzi do wzrostu aktywnosci arginazy i jednoczes$nie zmniejszenia produkcji
NO. Metabolizm argininy w zawale mig$nia sercowego (M1, ang. myocardial infarction) u
czlowieka oraz jego zwigzek ze stopniem uszkodzenia miokardium czy obecnoscia
niestabilnych 1 nasileniem stabilnych zmian w tetnicy dozawatowej (IRA, ang. infarct related
artery) nie jest w pelni przebadany. Postuluje, iz 1) w ostrej fazie MI u cztowieka w
poréwnaniu ze stabilng faza, arginina jest metabolizowana intensywniej przez arginazg
anizeli przez NOS, 11) wzglednie zwigkszona aktywnos¢ arginazy w ostrej fazie MI wyrazona
W postaci zaburzonej rGwnowagi metabolitéw argininy wigze si¢ ze zwigkszonym obszarem
uszkodzenia miokardium a takze moze mie¢ zwiazek z niekorzystng morfologia zmiany
odpowiedzialnej za MI w obrebie IRA, iii) utrzymujgca si¢ w obserwacji odleglej zwiekszona
aktywnos$¢ arginazy wiaze si¢ z wigkszym tadunkiem stabilnej blaszki miazdzycowe;j
przylegajacej do zmiany ranliwej oraz, ze iv) zwigkszona aktywnos¢ arginazy moze miec

zwigzek z wystapieniem niekorzystnych zdarzen sercowo-naczyniowych.

Cele pracy:

1. Ocena stezenia metabolitéw argininy w ostrej fazie MI 1 w obserwacji odlegltej 1 na tej
podstawie oszacowanie zmian w metabolizmie argininy u czlowieka.

2. Powiazanie zmian w metabolizmie argininy ze stopniem uszkodzenia miokardium.

3. Powigzanie zmian w metabolizmie argininy ze zmianami w blonie wewngtrznej

i sSrodkowej zaréwno zmiany niestabilnej, jak 1 przylegajacego do niej stabilnego regionu.
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4. Zbadanie zwigzku pomiedzy zmianami w metabolizmie argininy a rokowaniem

klinicznym.

Metodyka

Oznaczenia poziomu argininy i jej metabolitow, a takze azotandw i azotynéw
wykonano z uzyciem ultraszybkiej chromatografii cieczowej sprzezonej z tandemowsg
spektrometrig masowg (UPLC-MS/MS, ang. ultra-performance liquid chromatography-
tandem mass spectrometry) z zastosowaniem aparatu Waters ACQUITY UPLC (Waters
Corporation, Milford, MA, USA) sprzezonego ze spektrometrem mas Waters TQD.

W pierwszym badaniu zmierzono metabolity argininy u 70 pacjentow z zawatem migesnia
sercowego z uniesieniem odcinka ST (STEMI, ang. ST segment elevation myocardial
infarction) leczonych metoda pierwotnej angioplastyki wiencowej (pPCI, ang. primary
percutaneous coronary intervention) wyjsciowo oraz po 6 miesigcach. Wyniki oznaczen
zestawiono z parametrami ocenionymi w rezonansie magnetycznym serca takimi jak: funkcja
skurczowa lewej komory (LV, ang. left ventricle), jej masa i objetosci oraz strefa zagrozona
martwica (AAR, ang. area at risk), strefa zawatu (IS, ang. infarct size), uszkodzenie
mikrokrgzenia (MVO, ang. microvascular obstruction), a takze wystgpieniem ztozonego
punktu koncowego (zgonu, zawatu lub hospitalizacji z powodu niewydolnosci serca).

W drugim badaniu u 100 pacjentéw ze STEMI leczonym takze metodg pPCI oceniono
metabolity argininy przy przyjeciu oraz po 6 miesigcach i poréwnano je z budowg Sciany
IRA zobrazowanej przy uzyciu optycznej tomografii koherencyjnej (OCT, ang. optical
coherence tomography) ze szczeg6lnym uwzglednieniem struktury zmiany odpowiedzialnej
za MI w tym obecnosci cienkiej czapeczki wtoknistej (TCFA, ang. thin-cap fibroatheroma)
oraz struktury 10-milimetrowego segmentu przylegajacego do niej proksymalnie i dystalnie.

Zbadano réwniez znaczenie metabolitow argininy i jej indeksow dla prognozowania
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wystapienia ztozonego punktu koncowego (zgonu, ponownego zawatu lub udaru). Grupe
kontrolng stanowito 25 pacjentdéw z przewlektym zespolem wiehcowym, u ktorych nie
stwierdzono zmian miazdzycowych w tetnicach wiencowych pomimo dodatnich wynikéw

badan obcigzeniowych.

Wyniki

W pierwszym badaniu wskaznik cytrulina/arginina byl nizszy w ostrej fazie M1
w porownaniu do obserwacji odlegte; (P=0,002). W ostrej fazie MI, im wieksze bylto
osoczowe stezenie argininy, cytruliny, ornityny i asymetrycznej dimetyloargininy (ADMA,
ang. asymmetric dimethylarginine), tym wigksza byta wartos¢ wskaznika masy AAR
odniesionego do masy LV i masy IS do masy LV. Ponadto stezenie argininy (P=0,021) oraz
ADMA (P=0,009) bylo wyzsze, a stezenie azotandéw 1 azotyndéw (P=0,003) byto nizsze u
chorych zMVO w poréwnaniu do tych bez MVO. Analiza wieloczynnikowa metoda regresji
Coxa wykazala, ze stezenie argininy <29 uM mierzone po 6 miesigcach od zawalu po
uwzglednieniu poprawek na wiek, pte¢ oraz IS bylto niezaleznie zwigzane z ponad 2,5-krotnie
czestszym wystapieniem ztozonego punktu koncowego w obserwacji 5-letniej. Wyniki
drugiego badania wskazuja na to, ze w ostrej fazie MI wskazniki cytrulina/arginina,
cytrulina/ornityna byly nizsze, a wskazniki ornityna/arginina oraz prolina/argininy byty
wyzsze w poréwnaniu z oznaczeniami z fazy przewlektej (P<0,001 dla wszystkich wartosci).
Chorzy z TCFA obecna w zmianie odpowiedzialne] za zawal mieli w ostrej fazie MI wyzsze
wartosci ADMA (P=0,015), ornityny (P=0,003) 1 wskaznika ornityna/arginina (P=0,045) oraz
nizsze wartosci indeksow cytrulina/ornityna (P=0,003) i arginina/ADMA (P=0,04) w
poréwnaniu do pacjentéw bez TCFA. Srednia grubos¢ kompleksu intima-media stabilnego
regionu IRA przylegajacego do blaszki ranliwej korelowata z oznaczonym w fazie stabilnej

wskaznikiem ornityna/arginina (R=0,337; P=0,003). Analizy wieloczynnikowe pokazaly, ze
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wyzsza warto$¢ wskaznika cytrulina/ornityna w ostrej fazie wigzata sie z nizszym ryzykiem
obecnosci TCFA (iloraz szans 0,978, 95% przedziat ufnosci dla ilorazu szans 0,962-0,994,
P=0,006), podczas gdy wyzszy wskaznik ornityna/arginina w okresie obserwacji korelowat z
wiekszg Srednica stabilnego regionu IRA przylegajacego do blaszki ranliwej (beta 0,227,
95% przedziat ufnosci dla beta 0,045-0,409, P=0,018). Trzecia praca, opis trzech pacjentow
operowanych z powodu zwezenia zastawki aortalnej, u ktérych doszto do zawatu wskutek
Srodoperacyjnego rozwarstwienia tetnicy wiencowej, pokazuje, ze ta rzadka posta¢ zawatu

obarczona jest ekstremalnym ryzykiem.

Whnioski

Podczas ostrego niedokrwienia miesnia sercowego dochodzi do zwigkszenia
aktywnosci arginazy kosztem NOS w poréwnaniu z faza stabilng. W ostrej fazie zwiekszone
0soczowe stezenie argininy i jej metabolitow wigze sie z wiekszym uszkodzeniem
miokardium i mikrokrgzenia, a przesuniecie metaboliczne w kierunku arginazy kosztem NOS
jest nasilone u pacjentéw z obecnoscig TCFA w obrebie zmiany odpowiedzialnej za M.
Utrzymujace sie przesuniecie metaboliczne w kierunku arginazy w fazie przewlektej koreluje
z wiekszg gruboscig warstwy intima-media w stabilnych odcinkach IRA przylegajacych do
blaszki ranliwej. Z kolei obnizone wartos$ci argininy i zwiekszona warto$¢ wskaznika
ornityna/arginina w fazie stabilnej sg zwigzane z niekorzystnym odlegtym rokowaniem

klinicznym.
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10. Streszczenie pracy doktorskiej w jezyku angielskim
Introduction

Arginine is a substrate for nitric oxide (NO) synthesis and depends on the competition
of nitric oxide synthase (NOS) and arginase. Experimental models provide arguments that
during acute phase of myocardial infarction (MI) arginase activity increases simultaneously
with decreased NO synthesis. There is no sufficient data about alterations in arginine
metabolism during MI in human and its association with myocardial injury, incidence of
vulnerable coronary plaques and burden of stable coronary intima-media lesions. |
hypothesize that 1) during acute MI phase in human arginine metabolism is shifted from NOS
towards arginase, 1) enhanced arginase activity expressed as an altered balance of arginine
metabolites is associated with myocardial damage and with unfavorable morphology of a
culprit lesion in the infarct-related artery (IRA), iii) persistent enhanced arginase activity
during follow-up is associated with increased intima-media burden adjacent to culprit region
and that iv) enhanced arginase activity potentially might be useful for prediction of adverse

clinical events.

Aims:

1. To measure arginine metabolites in acute phase of MI and during stable 6-month follow
up and to estimate shifts in arginine metabolism in human.

2. To compare alterations in arginine metabolites balance with myocardial injury.

3. To compare alterations in arginine metabolites balance with morphology of a culprit
lesion and of an adjacent to the culprit region of IRA.

4. To evaluate association between arginine metabolites balance and clinical prognosis

after M1.
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Methods

Plasma concentrations of arginine, its metabolites and nitrite/nitrate (NOx) were
measured in duplicates using ultraperformance liquid chromatography- tandem mass
spectrometer (UPLC-MS/MS) with Waters ACQUITY UPLC (Waters Corporation, Milford,
MA, USA) coupled to a Waters TQD mass spectrometer (electrospray ionizationmode ESI-
tandem quadrupole). In the first study, seventy consecutive ST segment elevation myocardial
infarction (STEMI) patients who underwent primary percutaneous coronary intervention
(pPCI) were enrolled and plasma concentrations of arginine metabolites were measured using
at baseline and at 6 months. Arginine metabolites and their indices were compared with left
ventricle (LV) function, volumes, mass, area at risk (AAR), infarct size (IS) and
microvascular obstruction (MVO) in cardiac magnetic resonance and with incidence of
composite endpoint (death, recurrent MI or hospitalization due to heart failure) during
follow-up. In the second study one hundred consecutive STEMI patients who underwent
pPCI were enrolled and plasma concentrations of arginine metabolites were measured at
baseline and at 6 months. Again, arginine measurements were compared with morphology of
culprit lesion, including presence of thin-cap fibroatheroma (TCFA) and of adjacent to the
culprit proximal and distal 10 millimeters segments assessed with optical coherence
tomography. The composite ischemic endpoint in this study was death, recurrent M1, stroke,
or unplanned PCI due to unstable angina. As controls served 25 patients without
atherosclerotic lesions in coronary angiography despite positive stress tests for ischemia,
similar to the MI group in terms of demographics, cardiovascular risk factors and

comorbidities.
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Results

In the first study, following ischemia median citrulline/arginine index decreased when
compared with 6-month result (P=0,002). Baseline median concentrations of arginine,
citrulline, ornithine and asymmetric dimethylarginine (ADMA) were correlated with ratios of
AAR/LV and IS/LV. The concentrations of arginine (P=0,021) and ADMA (P=0,009) were
higher but NOx (P=0,003) was lower in patients with MVVO when compared to subjects
without MVVO. By Cox regression, arginine concentration lower <29 yM as measured
6 months following MI adjusted to age, sex and IS was independently associated with
2,5 more frequent composite endpoint including death, recurrent M1 or heart failure
hospitalization during 5-year follow-up. The results of the second study showed that during
acute phase of Ml the ornithine/arginine index and the proline/arginine index increased, while
the citrulline/arginine index and the citrulline/ornithine index decreased as compared to
6- month follow-up (P<0,001 for all). Patients with TCFA present in the IRA culprit lesion in
an acute phase had higher plasma levels of ADMA (P=0,015), ornithine (P=0,003) and lower
indices of citrulline/ornithine (P=0,003) and arginine/ADMA (P=0,040) when compared with
patients without TFCA. A mean diameter of the intima or intima-media in the adjacent
segment of the IRA correlated with the ornithine/arginine ratio measured at follow-up
(R=0,337; P=0,003). By multivariable analysis, a higher citrulline/ornithine index as
measured in acute MI phase was associated with a lower risk of TCFA presence (odds ratio
0,978; 95% confidence interval [CI1] for odds ratio 0,962-0,994; P=0,006) whereas a higher
follow-up ornithine/arginine index correlated with larger intima-media diameter of adjacent
segments (beta-coefficient 0,227, 95% CI for beta-coefficient 0,045-0,409; P = 0,018).
The third paper, a care report of three aortic valve stenosis patients who suffered from a
periprocedural Ml as a result of iatrogenic coronary artery dissection, showed extremely high

risk of death associated with this rare complication.
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Conclusions

In acute phase of MI, plasma arginine metabolism is shifted from NOS towards
arginase as compared with stable condition. Moreover, following acute ischemia plasma
levels of arginine and its metabolites correlated with myocardial and microvascular injury
while metabolic arginine shift from NOS towards arginase is associated with the presence of
TCFA in the culprit region of IRA. In turn, similar persistent metabolic alterations in a stable
chronic phase correlated with the thickness of intima or intima-media in the adjacent to the
culprit segment of IRA. Decreased 6-month arginine concentration and increased

ornithine/arginine index were associated with an unfavorable long-term outcome.

95



11. PiSmiennictwo

[1] Morris SM Jr. Arginine Metabolism Revisited. J Nutr. 2016;146:2579S-2586S.

[2] Scibior D, Czeczot H: Arginina - metabolizm i funkcje w organizmie cztowieka. Postepy
Hig Med Dosw 2004, 58, 321-332.

[3] Wu G, Morris SM Jr: Arginine metabolism: nitric oxide and beyond. Biochem J 1998,
336, 1-17

[4] Cziraki A, Lenkey Z, Sulyok E, i wsp. L-Arginine-Nitric Oxide-Asymmetric
Dimethylarginine pathway and the coronary circulation: translation of basic science results to
clinical practice. Front Pharmacol. 2020;11:569914.

[5] Wu G, Meininger CJ, Knabe DA, i wsp.: Arginine nutrition in development, health and
disease. Curr Opin Clin Nutr Metab Care 2000, 3, 59-66.

[6] Wu G, Meiniger CJ: Arginine nutrition and cardiovascular function. J Nutr 2000, 130,

2626-2629.

[7] Alderton WK, Cooper CE, Knowles RG. Nitric oxide synthases: structure, function and
inhibition. Biochem J. 2001;357:593-615.

[8] Caldwell RW, Rodriguez PC, Toque HA, i wsp. Arginase: a multifaceted enzyme
important in health and disease. Physiol. Rev. 2018; 98, 641-665.

[9] Pernow J, Jung C. Arginase as a potential target in the treatment of cardiovascular
disease: reversal of arginine steal? Cardiovasc Res. 2013;98:334-343.

[10] McDonald KK, Zharikov S, Block ER, iwsp. A caveolar complex between the cationic
amino acid transporter 1 and endothelial nitric-oxide synthase may explain the "arginine

paradox”. J Biol Chem. 1997;272:31213-31216.

[11] Dioguardi FS. To give or not to give? Lessons from the arginine paradox. J Nutrigenet

Nutrigenomics. 2011;4:90-98.

96



[12] Closs EI, Basha FZ, Habermeier A, i wsp. Interference of L-arginine analogues with L-
arginine transport mediated by the y+ carrier h\CAT-2B. Nitric Oxide. 1997;1:65-73.

[13] Forstermann, U, Sessa, WC. Nitric oxide synthases: regulation and function. Eur Heart
J. 2012;33:829-37.

[14] Bode-Boger SM, Scalera F, Ignarro LJ. The L-arginine paradox: Importance of the L-
arginine/asymmetrical dimethylarginine ratio. Pharmacol Ther. 2007;114:295-306.

[15] Sourij H, Meinitzer A, Pilz S, i wsp. Arginine bioavailability ratios are associated with
cardiovascular mortality in patients referred to coronary angiography. Atherosclerosis.
2011;218:220-225.

[16] Wang Z, Tang WHW, Cho L, i wsp. Targeted metabolomic evaluation of arginine
methylation and cardiovascular risks: potential mechanisms beyond nitric oxide synthase
inhibition. Arterioscler Thromb Vasc Biol. 2009;29:1383-1391.

[17] Nicholls SJ, Wang Z, Koeth R, i wsp. Metabolic profiling of arginine and nitric oxide
pathways predicts hemodynamic abnormalities and mortality in patients with cardiogenic
shock after acute myocardial infarction. Circulation. 2007;116:2315-2324.

[18] Tang WH, Wang Z, Cho L, i wsp. Diminished global arginine bioavailability and
increased arginine catabolism as metabolic profile of increased cardiovascular risk. J Am Coll
Cardiol. 2009;53:2061-2067.

[19] Seljeflot I, Nilsson BB, Westheim AS, i wsp. The L-arginine-asymmetric
dimethylarginine ratio is strongly related to the severity of chronic heart failure. No effects of

exercise training. J Card Fail. 2011;17:135-142.

[20] Cyr, AR, Huckaby, LV, Shiva, SS, i wsp. Nitric oxide and endothelial dysfunction. Crit

Care Clin. 2020;36:307-321.

[21] Deanfield JE, Halcox JP, Rabelink TJ. Endothelial function and dysfunction: testing and

clinical relevance. Circulation. 2007;13;115:1285-1295.

97



[22] Singh, S, Torzewski, M. Fibroblasts and their pathological functions in the fibrosis of
aortic valve sclerosis and atherosclerosis. Biomolecules. 2019;9:472.

[23] Ming XF, Barandier C, Viswambharan H, 1 wsp. Thrombin stimulates human
endothelial arginase enzymatic activity via RhoA/ROCK pathway: implications for
atherosclerotic endothelial dysfunction. Circulation. 2004;110:3708-3714.

[24] Ryoo S, Gupta G, Benjo A, i wsp. Endothelial arginase II: a novel target for the
treatment of atherosclerosis. Circ Res. 2008;102:923-932.

[25] Hayashi T, Esaki T, Sumi D, 1 wsp. Modulating role of estradiol on arginase 11
expression in hyperlipidemic rabbits as an atheroprotective mechanism. Proc Natl Acad Sci U
S A.2006;103:10485-10490.

[26] Smith JD, Trogan E, Ginsberg M, 1 wsp. Decreased atherosclerosis in mice deficient in
both macrophage colony-stimulating factor (op) and apolipoprotein E. Proc Natl Acad Sci U
S A.1995;92:8264-8268.

[27] Corraliza IM, Soler G, Eichmann K, i wsp. Arginase induction by suppressors of nitric
oxide synthesis (IL-4, IL-10 and PGE2) in murine bone-marrow-derived

macrophages. Biochem Biophys Res Commun. 1995;206:667-673.

[28] Gallardo-Soler A, Gomez-Nieto C, Campo ML, i wsp. Arginase I induction by modified
lipoproteins in macrophages: a peroxisome proliferator-activated receptor-gamma/delta-
mediated effect that links lipid metabolism and immunity. Mol Endocrinol. 2008;22:1394-
1402.

[29] Khallou-Laschet J, Varthaman A, Fornasa G, 1 wsp. Macrophage plasticity in
experimental atherosclerosis. PLoS One. 2010;5:e8852.

[30] Wei LH, Wu G, Morris SM Jr, 1 wsp. Elevated arginase I expression in rat aortic smooth

muscle cells increases cell proliferation. Proc Natl Acad Sci U S A. 2001,98:9260-9264.

98



[31] Yang Z, Ming XF. Endothelial arginase: a new target in atherosclerosis. Curr Hypertens
Rep. 2006;8:54-59.

[32] Schliiter KD, Schulz R, Schreckenberg R. Arginase induction and activation during
ischemia and reperfusion and functional consequences for the heart. F'ront Physiol.
2015;6:65.

[33] Lefer, AM, Tsao, PS, Lefer, DJ, 1 wsp. Role of endothelial dysfunction in the
pathogenesis of reperfusion injury after myocardial ischemia. FASEB J. 1991;5:2029-2034.
[34] Tiefenbacher, CP, Chilian, WM, Mitchell, M 1 wsp. Restoration of endothelium-
dependent vasodilation after reperfusion injury by tetrahydrobiopterin. Circulation.
1996,94:1423-1429.

[35] Weyrich, AS, Ma, X, Lefer, AM. The role of L-arginine in ameliorating reperfusion
injury after myocardial ischemia in the cat. Circulation. 1992; 86:279-288.

[36] Schreckenberg, R, Weber, P, Cabrera-Fuentes, HA, i wsp. Mechanism and consequences
of the shift in cardiac arginine metabolism following ischaemia and reperfusion in rats.
Thromb Haemost. 2015;113:482-493.

[37] McQuillan LP, Leung GK, Marsden PA, 1 wsp. Hypoxia inhibits expression of eNOS via
transcriptional and posttranscriptional mechanisms. 7he American journal of

physiology. 1994;267, H1921-H1927.

[38] Reffelmann T, Kloner RA. Microvascular reperfusion injury: rapid expansion of
anatomic no reflow during reperfusion in the rabbit. Am. J. Physiol. 2002;283:H1099-H1107.
[39] Su Y, Block ER. Acute hypoxia increases intracellular L-arginine content in cultured
porcine pulmonary artery endothelial cells. J. Cell Physiol. 1996;167:349-353.

[40] Zharikov SI, Herrera H, Block ER. Role of membrane potential in hypoxic inhibition of

L-arginine uptake by lung endothelial cells. Am. J. Physiol. 1997;272:1.78-1.84.

99



[41] Gonon AT, Jung C, Katz A, i wsp. Local arginase inhibition during early reperfusion
mediates cardioprotection via increased nitric oxide production. PLoS One. 2012;7:e42038.
[42] Tratsiakovich Y, Gonon AT, Kiss A, i wsp. Myocardial protection by co-administration
of L-arginine and tetrahydrobiopterin during ischemia and reperfusion. Int J Cardiol.
2013;169:83-88.

[43] Schulman SP, Becker LC, Kass DA, i wsp. L-arginine therapy in acute myocardial
infarction: the vascular interaction with age in myocardial infarction (VINTAGE MI)
randomized clinical trial. JAMA. 2006;295:58-64.

[44] Tratsiakovich Y, Gonon AT, Kiss A, i wsp. Myocardial protection by co-administration
of L-arginine and tetrahydrobiopterin during ischemia and reperfusion. Int J Cardiol.
2013;169:83-88.

[45] Zalewski J, Claus P, Bogaert J, i wsp. Cyclosporine A reduces microvascular obstruction
and preserves left ventricular function deterioration following myocardial ischemia and
reperfusion. Basic Res Cardiol. 2015;110:18.

[46] Tearney GJ, Regar E, Akasaka T, i wsp. Consensus standards for acquisition,
measurement, and reporting of intravascular optical coherence tomography studies: a report
from the International Working Group for Intravascular Optical Coherence Tomography
Standardization and Validation. J Am Coll Cardiol 2012;59:1058-72.

[47] Giustarini D, Rossi R, Milzani A, i wsp. Nitrite and nitrate measurement by Griess
reagent in human plasma: evaluation of interferences and standardization. Methods Enzymol.
2008;440:361-380.

[48] Tengbom J, Cederstrom S, Verouhis D, i wsp. Arginase 1is upregulated at admission in

patients with ST-elevation myocardial infarction. J Intern Med. 2021;290:1061-1070.

100



[49] Nath M, Romaine SPR, Koekemoer A, i wsp. Whole blood transcriptomic profiling
identifies molecular pathways related to cardiovascular mortality in heart failure. Eur J Heart
Fail. 2022;24:1009-1019.

[50] Jankowski P, Topdér-Madry R, Gasior M, i wsp. Management and predictors of clinical
events in 75 686 patients with acute myocardial infarction. Kardiol Pol. 2022; 80: 468-475
[51] DeMartino AW, Kim-Shapiro DB, Patel RP, i wsp. Nitrite and nitrate chemical biology
and signalling. Br J Pharmacol. 2019;176:228-245.

[52] Kim-Shapiro DB, Gladwin MT. Pitfalls in measuring NO bioavailability using

NOx. Nitric Oxide. 2015;44:1-2.

[53] Kleinbongard P, Schulz R, Rassaf T, i wsp. Red blood cells express a functional
endothelial nitric oxide synthase. Blood. 2006;107:2943-2951.

[54] Cortese-Krott MM, Rodriguez-Mateos A, Sansone R, i wsp. Human red blood cells at
work: identification and visualization of erythrocytic eNOS activity in health and

disease. Blood. 2012;120:4229-4237.

[55] AaN, LuY, Yu M, iwsp. Plasma metabolites alert patients with chest pain to

occurrence of myocardial infarction. Front Cardiovasc Med. 2021;8:652746.

101



102



103



13. Oswiadczenia wspotautoréw

Krakoéw, dnia 17.10.2022

Lek. Patrycja Motek-Dziadosz

/tytut zawodowy, imie i nazwisko/

OSWIADCZENIE

Jako wspétautor pracy pt. ,, The shifted balance of arginine metabolites in acute
myocardial infarction patients and its clinical relevance” o$wiadczam, iz méj wiasny wkiad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie
pracy w formie publikacji to: koncepcja pracy, rekrutacja pacjentéw, analiza oznaczen
laboratoryjnych, interpretacja wynikéw, przygotowanie danych do publikacji, pisanie
manuskryptu.

Oswiadczam, iz moja samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wkiad przy opracowywaniu koncepcji, wykonywaniu czesci

eksperymentalnej, opracowaniu i interpretacji wynikéw tej pracy.

104



Krakoéw, dnia 17.10.2022

Dr Pawet Zmudzki

/tytut zawodowy, imie i nazwisko

OSWIADCZENIE

Jako wspdtautor pracy p«. ,, The shifted balance of arginine metabolites in acute
myocardial infarction patients and its clinical relevance” o$wiadczani, iz méj wtasny wkiad
merytoryczny w przy gotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie
pracy w formie publikacji to; analiza oznaczen laboratoryjnych i ich interpretacja.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww pracy
wykazuje indywidualny wkiad lek Patrycji Molck-Dziadosz przy opracowywaniu koncepcji,

wykonywaniu czesci eksperymentalnej. opracowaniu i interpretacji wynikéw tej pracy.

105



106



Krakéw. dnia 17,10.2022

oswiadczenie

Jako wspétautor pracy pt. , The shifted balance o f arginine metabolites in acute
myocardial infarction patients and its clinical relevance" o$wiadczam, i> méj wiasny wkiad
merytoryczny w przy gotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie
pracy w formie publikacji to: pomoc w interpretacji wynikéw, akceptacja finalnej wersji
manuskryptu.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wkiad lek. Patrycji Mokk-bziadosz przy opracowywaniu
koncepcji, wy kony waniu czesci eksperymentalnej, opracowaniu i interpretacji wynikéw tej

pracy.

107



Krakéw, dnia 17.10.2022

Dr hab. n. mod. Jarostaw Zalewski

tytut zawodowy, imie i nazwisko/

OSWIADCZENIE

Jako wspoétautor pracy pt , The shilled balance o f arginine metabolites in acute
myocardial infarction patients and its clinical relevance" oSwiadczam, iz m6j wasny wktad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie
pracy w formie publikacji to: koncepcja pracy, rekrutacja pacjentéw, analiza wynikéw, ich
interpretacja oraz przygotowanie manuskryptu.

Os$wiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wktad lek Patrycji Molck-Dziadnsz przy opracowywaniu koncepcji,
wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikéw tej pracy oraz

przygotowaniu publikacji.

108



Krakéw, dnia 17.10.2022

Lek. Patrycja Motek-Dziadosz

/tytut zawodowy, imie i nazwisko/

OSWIADCZENIE

Jako wspétautor pracy pt. ,, Thin-cap fibroatheroma and increased coronary intima-
media thickness are associated with an altered arginine metabolites balance” o$wiadczam, iz
moj wihasny wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan
oraz przedstawienie pracy w formie publikacji to: koncepcja pracy, rekrutacja pacjentéw,
analiza oznaczen laboratoryjnych, interpretacja wynikéw, przygotowanie danych do
publikacji, pisanie manuskryptu.

Oswiadczam, iz moja samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wkiad przy opracowywaniu koncepcji, wykonywaniu czesci

eksperymentalnej, opracowaniu i interpretacji wynikoéw tej pracy.

109



Krakoéw, dnia 17.10.2022

110



Krakéw, dnia 17.10.2022

Dr n. med. Andrzej Machnik

/tytut zawodowy, imie i nazwisko/

OSWIADCZENIE

Jako wspotautor pracy pt. ,,Thin-cap fibroathcroma and increased coronary intima-
media thickness are associated with an altered arginine metabolites balance” oswiadczam, iz
moj wiasny wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan
oraz przedstawienie pracy w formie publikacji to: rekrutacja pacjentow.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czesS¢ ww. pracy
wykazuje indywidualny wkiad lek Patrycji Molek-Dziadosz przy opracowywaniu koncepciji,

wykonywaniu czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy.

111



112



113



114



115



116



117



118



119



Krakéw, dnia 17.10.2022

Lek. Patrycja Molek-Dziadosz
/tytut zawodowy, imie i nazwisko/

OSWIADCZENIE

Jako wspétautor pracy pt. ,Coronary artery dissection following aortic valve
replacement. How can one deal with this rare yet life-threatening complication?” o$wiadczam,
iz mo6j wihasny wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan
oraz przedstawienie pracy w formie publikacji to: koncepcja pracy, przygotowanie danych do
publikacji, interpretacja wynikéw, pisanie manuskryptu.

Oswiadczam, iz moja samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy
wykazuje indywidualny wkiad przy opracowywaniu koncepcji, opracowaniu i interpretacji

wynikoéw tej pracy.

120



121



122



